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Abstract

| slet-brain-2: a novel postsynaptic density protein linked to an
autism spectrum disorder

By

Joanna Giza

THESIS ADVISOR: Dr. Mitchell Goldfarb

Islet-brain-2 (IB2) is a neuronal protein, whose functions arevelbtunderstood. Based
upon its sequence homology to JNK-interacting protein 1 (JIP1) and bimethestudies,
IB2 has been described as a putative scaffold for mitogen actpadtzin kinase (MAPK)
signaling. IB2 has been documented to interact with a wide afraynctionally unrelated
proteins, which has complicated efforts to confirm its biochenmadalin vivo. In order to
investigate the IB2 function in the nervous system, we have ajedéb2 null mice. The
mutants are viable and their expression of genes neighdbéng unaffectedib2 knockout
mice display developmental delay in grip strength until 5 we&&5) of age. Their
behavioral analysis following disappearance of this defect sbmugficant deficits in their
motor learning abilities. In addition, mutant mice exhibit marked mgalucin social
interactions, delayed fear induced learning and unresponsiveness &muinenment in
various behavioral tasks. These complex atypical behaviors anmigeamt of autism
spectrum disorders (ASDs). Interestingly, the hurtiah gene resides within the deleted

chr22qgter region in Phelan-McDermid syndrome and patients withdibgsder manifest
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similar deficits as observed in oll2 null mice, suggesting thdb2 loss-of-function is a
promising candidate model for this disorder. Recent developments iASRes field
implicate as a major culprit defective synaptic function. Udiregjn fractionation and co-
immunoprecipitation methods, we show that IB2 is an integral component of the postsynapti
density (PSD). Immunofluorescence shows IB2 concentrated within derspibe heads.

Ib2 mutation did not alter expression levels of many other common BS8Ipanents such as
PSD95 and AMPA-type and NMDA-type receptors subunits. Signhaling sesaljonducted

in 1b2 null cultured cortical neurons failed to reveal deficits in NMDleed signaling
through known IB2-interacting partners TIAM1 and p38MAPK, suggesting tBat

modulates synaptic and behavioral functions through as yet unknown molecular nmeshanis
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CHAPTER 1

INTRODUCTION

Complex animal behaviors are governed by higher order functiansethare signaling
within neural networks. At the center of the faithful transmisf this information lays the
synapse. My research has focused on poorly understood islet brain 2n{tB2¢ule
considered to be a putative scaffold protein. | have shown that IB&yisaptic component
whose function is necessary for an animal’s performancerplex behaviors. Of particular
interest is the connection of IB2 deficits and autism spectrurorddiss with specific
similarities to Phelan-McDermid Syndrome. As a backgroundtlica multidisciplinary
dilemma, my thesis introduction is composed of seemingly unrekdetions including
protein enzymatic scaffolds, synaptic organization and autism speclisorders followed

by possibilities for their connections with 1B2.



1.1. Protein Enzymatic Scaffolds

All eukaryotic cells undergo biochemical signal transduction iporese to signals
coming from their local environment. Many diverse stimuli triggégnaling trough
evolutionary conserved mitogen activated protein kinase (MAPK) dascthat regulate
cellular fate, influencing processes including cell division, gestevadion and apoptosis.
These cascades are based on a three geared command systsfueatialy activating
protein kinases that participate in a signal transduction. EachkM&phosphorylated and
thus activated by one or more MAPK kinases (MAPKKS), which in &re being activated
by MAPKK kinases (MAPKKKSs). This process is believed toufesin the signal
amplification (Gallo and Johnson, 2002). Mammalian MAPKs are composteaf major
groups: extracellular regulated kinases (ERKSs), c-Jun NHgainat kinases (JNKs) and
p38s, which can be further divided into isoforms. Generally speakicly g@up has an
ascribed function related to common type of responses sudafiwsibn for ERKSs, stress for
JNKs and inflammation for p38s (Johnson and Lapadat, 2002; Roux and BEledd,
However, recent data suggests their involvement in many mordispeocesses depending
on the cell type and incoming signal. Nevertheless, it is difficult to imdgmethis group of
molecules could respond to the different stimuli and elicit vescifip and appropriate
responses at the right time and location. One very plausible pivgsgthe presence of the

scaffold proteins.

Many scaffolds have been described to date, although an understandirgr of th

functions is still in its infancy. The yeast Ste5 is the fadescribed and most extensively
studied scaffold (Elion, 2001). Among many mammalian scaffolds &R #r ERK and

JIPs for JNK and p38 signaling, although these scaffolds sseulederstood (Burack and
2



Shaw, 2000; Burack et al., 2002; Gallo and Johnson, 2002; Kelkar et al., 2005av8high

al., 2001). There is no sequence homology between yeast and mansuaffatds, but they

do share certain characteristics that allow for uniting themler a common scaffolding
umbrella (Fig.1-1).

One of the most important features of a scaffold is to concernatebring together
sequentially acting pathway components (Burack and Shaw, 2000; Buratk 2002;
Flatauer, 2005). For instance Ste5 interacts with Ste7 MAPHKK & upstream activator
Stell MAPKKK and downstream effector MAPK Fus3 (Burack et28lQ2; Elion 2001).
JIP1 interacts with JNK, its upstream kinase MKK7 and itvaicr MLK3 (Yasuda, 1999;
Whitmarsh 2001). By holding these kinases together, the scaffolds godlm the signal
transmission, but also prevent them from being utilized in othémaas that may require
the same enzymes (Flatauer, 2005; Good et al., 2009). Due to thesd¢igspftas crucial
that the levels of scaffolds are carefully produced and maintainételcell. Otherwise, too
much of a scaffold could sequester single components, thus preventingigtne
transmission and too little would be of no help (Ferrell 2000). Cemsigvith this reasoning
are the findings showing that the scaffold overexpressiamro or in cells leads to signal
transduction inhibition (Burack 2000; Burack et al., 2002; Yasuda 1999). It isxactlye
clear whether the scaffolds exist in complexes with cascaig@anents in a steady state or
they are being assembled in response to the signal. It has beem felnaliP1 that small
amounts of sequentially acting enzymes precipitate with théo&tabut the levels of these
complexes are significantly increased upon the pathway activ@iMimtmarsh 2001).
Currently, two models have been proposed for scaffold functioning. Onenessthe
existence of transducisome composed of a scaffold and bound sequewtiallykinases as

is the case for Ina D scaffold in drosophila that participatesiotoresponses (Burack 2002).

3



The other model, proposes free diffusion of the signaling componentsh whrmits a
“switch-like” response that helps to eliminate the noise (Burack, 2002; Be]).

Regardless of the model, however, they both argue that the pre$enseaffold limits
the signal amplification used to believed to be the goal of a steptisignaling (Burack
2000; Burack et al., 2002). Instead, the scaffold is thought to ensure tigcgpewhich
seems to be another important role of this group of proteins. Fangestia yeast MAPKKK
Stell can be activated by three different and unrelated stsuoh as osmotic stress,
starvation and pheromone (Elion 2001; Flatauer 2005). Starvation and pherdgrale s
also share downstream MAPKK Ste7, which then can choose betweBiK M#s1 or Fus3
which are downstream effectors of these two pathways respgctivebs been shown that
Ste5 scaffold is responsible for conveying specificity to theinggbheromone pathway
(Flatauer 2005; Good 2009). It is expressed only in haploid cellsnddsdyfor the process
of mating (Elion 2001) and in strains lacking Ste5 where Stell MAPKKeonstitutively
active only Kss1 MAPK is activated (Good 2009).

These findings highlight another important function proposed for sdgffwhich is their
catalytic ability. It is thought that by binding to sequential porents scaffold allows for
kinases to have a fast and easy access to their downstmegats t Ste5 was found to actually
catalytically “unlock” the Fus3 MAPK thus changing it into aywgood substrate (Good et
al., 2009). In addition, it operates as a dimer, thus possibly allowing for a prigpenext of
signal transduction components which leads to fast phosphorylation €@aud et al.,
2009). Interestingly, JIP molecules have also been found to form homolignderic
complexes (Yasuda 1999). Not to mention that the MAPKs and thereapstctivators are

also regulated by dimerization, necessary to remove the autoiohibitice many of them



have a domain bound to or masking their enzyme active site in arvenatdte (Gallo and
Johnson 2002).

Scaffolds are also believed to serve as adaptors or anchors timatheri signaling
components to the plasma membrane region where the signal isrbeaiged (Flatauer,
2005). JIP molecules, for instance, are known to interact with the prati@in kinesin, that
is thought to help in their delivery to the ends of the cells higarons including distinct
polar regions such as axon and dendrites. Similarly, Ste5 has also been sim@mnadowith
cell polarity elements, which could make it more recruitabléhéospecific location at the
cell membrane. Additionally, Ste5 interacts with th@yGubunit of G protein coupled
receptor after its diffusion from trimeric G protein follawgi pheromone induction, thus
bringing the signaling pathway to the membrane vicinity (Elion 2001; Flatauer, 2005).

Last, but not least, scaffolds are both cytoplasmic and nuclearegieriments in yeast
indicated that it is necessary for the scaffold to enter théeusign a process so called
“nuclear shuttling”. It is thought that in the nucleus the scaffofd®@ate with the MAP
kinase and its upstream activator MAPKK and possibly cell polardiecules (Elion 2001).
As a result, mating yeast undergo chemotactic growth towargs#remone signal. Also of
interest, the scaffold JIP1 which is normally found at the axawhdandritic tips, is seen as
puncta in the nucleus following JNK pathway activation (Whitmarsh 200i) not known
whether the activating signal leads to increased export ateaof export of the nuclear
scaffold in yeast or actual transport to the nucleus as it egtite case for JIP1. Regardless
whether it is an export from or import to or possibly both, the pasgagugh the nucleus
seems to be an important and necessary characteristic of saff@ds either for their

association with specific proteins or gene expression activation.
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Fig.1-1 Schematic of the scaffold protein functions. Upon sigrialagion of the receptor, a
scaffold is recruited to the plasma membrane. It brings segligrdicting kinases of the
MAPK pathway in close proximity to the signal, thus allowing ttansmission and
conveying specificity. Scaffolds are believed to function as dimehéch is believed to
activate the catalytic properties of the kinases. Scaffoklda@th cytoplasmic and nuclear. It
is possible that upon signal activation of the receptor, scaffausltto the nucleus where
they participate in gene expression. For instance, upon signalsngesalJNK activation,
JIP1 normally found at the end of neuronal projections is observed as jrutice nucleus.
Alternatively or in addition to, the “nuclear shuttling” makes theakenmore recruitable to
the plasma membrane as it is the case for the yeast Stepoktsible that in the nucleus the
scaffolds interact with other MAPK cascade components, whiclalaceboth cytoplasmic
and nuclear and/or generate scaffold dimers that can now bind tectygor. Furthermore,
they may associate with other necessary molecules. The oeaegtiction may then also
activate the export or enhance the rate of the export of stichtad scaffold, thus allowing
a proper signal transmission.



1.2. Synaptic Organization

The nervous system governs every sensory, motor, and behavioralohspectrganism
calls for extremely well organized and controlled communicatioteceWhile the glia take
upon themselves the support in terms of structure, nutrients and cleifweingeurons are in
charge of receiving, processing and sending out the informatiomdGand Nash, 2001,
Kandel et al., 2000). This critical role determines the highlyiapeed structure of neuronal
cells. They are strongly polarized cells composed of multiple desdhat in general receive
input signals, which are then transmitted and processed in cellviatidyesiding nucleus
and subsequently sent out through an axon as action potentials taédi{get The end part
of an axon called an axonal swelling or presynaptic bouton formsw@ection with the
postsynaptic site at the dendritic swelling called the synapseed from a Greek word “to
clasp” (Garner and Nash, 2001). The synapse is a meticulously @agamzt since the
faithfully and precisely transmitted and received information nsical for a proper
functioning of the entire organism. An average neuron possess ~1000 sgoapgctions
whereas a Purkinje cell which is the most arborized neuron in the nervous sgstbave as
many as 100,000 (Kandel et a;., 2000). The intricate connections ofritietideand axonal
networks usually result in the synapses formed between an axaleradte (axodendritic),
or the specialized extensions of the dendrites called spine$igyutdn also happen between
two axons (axoaxonal), two dendrites (dendrodendritic) or even an axlotihe@ soma or a
region of an axon called axon initial segment (Garner and Nash., 20@Lndrphology and
the structure of a neuronal cell allows for a transmission eteatrical and chemical signal.

While electrical synapses serve to transmit simpler and sagigils, the chemical ones can



elicit more complex and long lasting responses in the nervousrsystd result in more
complex behaviors (Kandel, et al., 2000).

The chemical synapse is composed of three well connected, buurathycand
functionally distinct regions: pre and postsynaptic terminals skegobby the synaptic cleft. It
transmits signal in the form of a chemical neurotransmitteigiwis released by presynaptic
terminals into the synaptic cleft and binds to the receptor gidsisynaptic site. Depending
on the nature of the neurotransmitter, the synapses can beddiwide inhibitory and
excitatory. The most common neurotransmitters are amino acidsriwiatives, such as
inhibitory GABA, inhibitory glycine and excitatory glutamate (gl et al., 2000; Garner
and Nash, 2001). Neurotransmitters are stored in synaptic vassigsg at the presynaptic
bouton as a reserve pool or as ready for release docked at thwanerat so called active
zone. As the action potential, electrical impulse, generatelaeiniéndrite travels down the
axon, it results in opening of the voltage gated calcium channéte giresynaptic sites.
Calcium influx through these channels results in the fusion of thelegsvith the plasma
membrane and neurotransmitter release into the synapticNgeiftotransmitters can then be
recycled in the process of clathrin mediated endocytosis, brougktlgahe transporters or
synthesized de novo (Garner and Nash, 2001; Kandel et al., 2000). Released
neurotransmitters diffuse into the synaptic cleft localized betwgre- and post-synaptic
terminals. This specialized compartment is small enough to alewneurotransmitter to
quickly reach the postsynaptic receptors. Unbound or dissociated aesmitter is cleared
from the cleft by diffusion, degradation, or presynaptic reuptaiesprorters. This clearance
protects from prolonged or a toxic effect on the postsynapticlsigeneral, it also prevents
neurotransmitter diffusion to the neighboring synapse, although the spidveats have

been described. Synaptic cleft is composed of extracellularxnmaolecules, cell adhesion
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molecules and metalloproteases that regulate the cell-celsisehess (Bourne and Harris,
2007; Garner and Nash, 2001). The signaling molecules at the junctidreleeeed to
determine what types of receptors are clustered at the paptgy site. This review will
further focus on the postsynaptic region typical of the excitatory glitasyaapse.

The postsynaptic site contains a specific region called popteydansity (PSD) named
after the opaque stained region revealed through electron napkosin addition to the
dendrite itself, an overwhelming majority of the excitatory synapskesalized at the spines.
These small dendritic protrusions often contain a long, thin neckhaad, and can be
divided based on their morphology into stubby, thin and mushroom like (Bourne ang] Ha
2007 and 2008). The PSD is localized in the spine head. It is composedgbhiitimate
receptors, molecules of the cytoskeleton, and the adaptors that caheecttogether
(Bourne and Harris, 2007 and 2008). The glutamate receptors can bed dinide
metabotropic (MGIuR) G protein coupled (GPCR) receptors and ligaed gm channels
that include AMPA, NMDA and kainate receptors. The slower respormdi@Rs act via
second messanger system and can lead to excitatory or inhilegpgnses trough their
modulation of other channels by phosphorylation or dephosphorylation events.tl@&nce
other receptors are ion channels that open in response to ligand whidtuismate, their
actions are much faster (Kandel et al., 2000). Kainate receptorsoarery well described
whereas NMDA and AMPA receptors are the most studied of thangéie receptor family.
NMDARs are composed of NR1 and NR2A-D subunits. NR1 and NR2 subonitsthe
glutamate binding site. In addition, NMDARs also require the cofagliaine for proper
functioning. They are normally inactive due to the presence of Ng¥@ithin the channel
pore, which is removed during depolarization event. NMDARSs are @dxméo calcium,

sodium and potassium ions. However, their contribution to cell depdianza relatively
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small and their crucial role is related to the calcium emthych then can trigger activation
of multiple signal transduction pathways. AMPARS on the other hantharmajor channels
involved in depolarization events at the postsynaptic site. They ceonipgosed of GluR1-4
subunits and operate as double dimers. AMPARSs are co-permeabtkuim and potassium,
hence, their contribution to depolarization. However, the absence of2GuBunit can
convey permeability to calcium. During synaptic transmission, tterapotential at the
presynaptic terminal results in the glutamate release and ARMRctivation and thus
depolarization of the postsynaptic region. This allows for the remaivalagnesium ions
from NMDARSs, thus activating them. If the second signal arriaeshat site, it causes
calcium influx through NMDARSs and the activation of various sigreaisduction pathways
(Garner and Nash, 2007 and 2008; Kandel et al., 2000; Bourne and Harris, 200@j.te
major events occurring at the synapse in which glutamate cesgparticipate is synaptic
plasticity during learning and memory formation. Plasticitpdouces a change in the
signaling strength at the given synapse as a result ofytteptic activity. There are two
types of the synaptic plasticity: long term potentiation (LBRH long term depression
(LTD). As their names suggest, they are involved in either patentior depression of a
given synapse strength respectively. The calcium flow throWlDARS triggers activation
of multiple kinases such as CAMKII, PKA, MAPK and aurora kina3égse kinases can
modify the existing AMPARs by phosphorylation, thus regulatingirtipermeability to
sodium and can also mediate transit of AMPARs between inwsreNesicles and the
postsynaptic membrane, either increasing or decreasing recepsityda LTP and LTD,
respectively (Bourne and Harris, 2008). More persistent activafiggostsynaptic kinases
can induce new protein synthesis trough either new gene expresstranslation of prior

dormant dendritic mMRNAs, thereby inducing longer lasting chaimgsegnaptic architecture
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and connectivity and in density of postsynaptic neurotransmitteptmse(Bourne and
Harris, 2008).

The postsynaptic density is a large network of interacting protais include
multivalent scaffold proteins along with membrane receptors, wkicarther anchored to
the underlying cortical actin cytoskeleton in the dendritic spifaee families of PSD
scaffolding proteins have been described. One of them includes thepamposed solely
of PDZ domains such as glutamate receptor interacting proteitP{GRMPARSs binding
protein ABP1, and multiple PDZ domain protein MUPP1 (Garner and Nash, Z04).
second family includes proteins composed of PDZ, SH3 and GUK dorfahsontain
membrane associated guanylate kinases (MAGUKSs) such as PBBOnteracts with
NMDARSs. The third family called Prosap/SHANK proteins have hititg to interact with
the above families in addition to Homer, an mGIuR-binding protein, thudinigoland
organizing all classes of glutamate receptors at the postsyolgpisity (Bourne and Harris,
2007 and 2008; Garner and Nash, 2001; Sheng, 2000). The stability and struchee of
PSDs are crucial for the proper neurotransmission and neuronal plasititity memory and
learning processes. In addition, many neurological diseases beam@ attributable to

malfunctioning of the PSD components.
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Fig.1-2 (Reprinted from Sheng et al., 2000)
Schematic illustration of the postsynaptic density elements’ organizZatien a
glutamatergic synapse.
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1.3 Autism spectrum disorders, Phelan McDermid Syndrome, and the genetics of their etiology
Autism spectrum disorders (ASD) include autism, Rett's syndroksegerger’s
syndrome, and Childhood Disintegrative disorder. Affected individuaigladi deficits in
social interactions, difficulties communicating either through Uagg or appropriate
gestures, and nonresponsiveness to environment. These individuals often preoccup
themselves with details of objects and engage in stereotghavimrs. Other characteristics
of these disorders may include some level of mental retardagasply deficits or even
seizures. The degree and onset of these symptoms differ ameote@findividuals. For
instance a child may achieve developmental milestones on schedule unairaaget(12-24
months) after which further acquisition of social and/or languadie skay be impaired, and
prior acquired skills may regress. In other instances, alarroliregacteristics may be
observed very early on after birtDiggnostic and statistical manual of mental disorders:
DSM-1V, Zoghbi, 2003; Walsh et al., 2008
http://www.nimh.nih.gov/health/publications/autism/complete-index.9html
Phelan-McDermid Syndrome, also termed 2213 Deletion is anotleatlyedescribed
disorder with autistic like features and characterized bgtidels in the terminal region of
chromosome 22 (22g13). The symptoms include unresponsiveness to the envidummegnt
the first few months of life, repetitive behaviors, sudden loss of orastered skills and a
delayed, poor or absent language acquisition. In addition to ASD-like teymap the
hypotonia, impairment of fine and gross motor skills, difficulty preres sensory
information and some level of social interactions later in developrake also observed.
Similarly to other ASDs, the degree and extent of phenotypiarEsatliffers among patients
and early similarities lead to misdiagnosis of autism (Philippal., 2008; Wilson et al.,

2003). One of the missing genes in all the patierfleask3. A few other examples of autism
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bearing associated point mutations at$hank3 locus have suggested that SHANKS3 loss of
function may cause Phelan-McDermid syndrome along with other ASIPFANKS3
organizes molecules in the cytoplasm at the postsynaptic densijgesting that synaptic
disorganization could underlie behavioral dysfunction (Wilson et al., 28668ng 2000).
However, it is not clear whether other genes neighboBimmk3 may also contribute to
Phelan McDermid syndrome. It appears that many of the genegategl in autism also
correspond to synaptic proteins (Zoghbi, 2003). For instance, a mutétaetp2 encoding
a protein that regulates density of glutamatergic synapsesd®n shown to be the cause of
Rett's syndrome (Chao et al.,, 2007), while genes encoding neuratglinedhesion
molecules necessary for linking pre- and postsynaptic termirelsatated in many autistic
patients. The idea that ASDs are affected by the mutations letiods of synaptic or
neuronal activity genes seems very plausible considering the @oroharacteristics of the
disorders. A skill loss, for example, could be attributable to thikonmation or instability of
an existing synapse (Zoghbi 2003). Inability to acquire a languagestablish social
interactions could stem from difficulty to form new, much more comp@mnections related
to learning and memory that involve synaptic plasticity. Thearekeclearly points to these
processes as later events in contrast to the development of the nervous syistgpreiatal
and early postnatal phases that depend on the internal cell progiguaunai activity (Walsh
et a;. 2008; Zhong, 2003). By the same token, the involvement of distines geay
manifest the same or strikingly similar phenotype just becdheg encode proteins
participating in the same synaptic process, which appearsttebzase in ASDs (Walsh et
al., 2008; Zoghbi, 2003). Additionally, plasticity events are very diffeaembng individuals
resulting from personal experiences, therefore, the onset giteyme and their extent may

very well vary even if the involved synaptic gene is the samelySdine malfunctioning
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synaptic molecules alone cannot account for the male to femateedides in susceptibility
to these disorders , which may result from hormonal differencaddition to genes located
on the X chromosome. Nevertheless, it is noteworthy that genome twdiessin search for

genes related to autism and molecules involved in neuronal astaty to strongly overlap
(Walsh et al., 2008). Recently, the identification of the gengmnssble for these disorders
and generating animal models becomes increasingly important diae possibility of gene

therapy replacements.

Complex neuropsychological features that characterize ASDdbselties in proper
diagnosis of human patients alone, which makes it even harder to uttapih animal
models. However, many ASD-associated characteristics can Igzexhan mice. For
instance, the most striking aspect of social interactions’ itkeftan be addressed because
mice are highly social species (Crawly, 2007). When alloweadtéract, they sniff or touch
each other, a feature that is quantifiable. In addition, even thougliag@ger se cannot be
measured, communication abilities such as vocalizations in pups missmghe nest and
their subsequent retrieval by the mothers can be tested. ‘i&utsice may also display
repetitive behaviors such as grooming or jumping (Crawly, 2007). Sonsetaugsm can be
associated with enhanced learning in certain contexts, and tlidomgails seen in animal
models. For instance, introduction of a mutated formNefiroligin 3 found in autistic
patients into mice results in the impairment of social intemast but an improvement of
spatial learning possibly due to the observed increase of inhibitorgnission (Tabuchi et
al., 2007). These finding are interesting as it has been notedothat autistic or ASD
patients display significant abilities to memorize thingsartain contexts. Often, however,
these memories are short lived. As another exarpékl knockout mice show improved

spatial learning, but strong deficits in memory retention (Hung et al., 2008).
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1.4 Potential roles of IB2 in kinase scaffolding, synapse function, and Phelan McDermid

Syndrome

Islet-brain-2 (IB2) also referred to as c-Jun NH2 terhkimase (JNK) interacting protein
2 (JIP2) is a large cytoplasmic molecule, whose functions have entdbearly elucidated.
Its exclusive expression in neuronal and neuronedocrine regions suligiestvolvement in
neurological processes. Due to its sequence homology to the JIP1diein @nd its weak
ability to interact with JNK, IB2 has been classified aseantoer of JNK interacting protein
(JIP) family of scaffolds. Similarly to JIP1, IB2 containdKJ binding domain and Src
homology 3 domain (SH3) followed by phosphotyrosine binding domain (PTRjri(Mieal.,
2000; Yasuda et al., 1999). As other JIPs, IB2 also possesses mtgdstematricopeptide
repeats (TPRs) that allow for its interaction with thdatlighain of motor protein kinesin
(Verhey et al., 2001). In Rin5F insulinoma cells, IB2 is found concedtrateytoplasm and
colocalized with JIP1 at the tips of neuritic projections, congistéth the finding that JIP1
and IB2 can form heterooligomeric complexes (Yasuda et al., 1999)edsxpm of the
epitope-tagged IB2 in CAD cells along with dominant negative form of kinesin presestts
distribution (Verhey et al, 2001) suggesting that kinesin-1B2 intieracnay be necessary for
a proper delivery of IB2 in nerve cells. Endogenous localizatiorBafih neuronal cells,
however, has not been reported due to the lack of appropriate antiboder Fumtchemical
analyses employing ectopic coexpression and coimmunoprecipiteia shown that 1B2
can self-associate and interacts with a wide array of bingingers. IB2 interacting proteins
include among others amyloftl precursor protein (APP), apolipoprotein E2 receptor, and
MAPK signaling cascade components similarly to JIP1 (Netgal., 2000; Stockinger et al.,
2000; Yasuda et al., 1999). Unlike JIP1, IB2 also associates with guaxchange factor

TIAM1 (Buchsbaum et al., 2002) and fibroblast growth factors homologatsr$a(FHFS)
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as shown in our laboratory (Schoorlemmer and Goldfarb 2001 and 2002). The biteting s
for these two proteins on IB2 patrtially overlap and, as expectece é@mm an IB2 region
that bears no similarity to JIP1. Interestingly, TIAM1 bindindB@ enhances its interaction
with p38&x signal transduction components, whereas FHF association leadsrtorease in
p3& activation in a dose dependent manner. p38s belongs to the mitogeredqbinaein
kinase (MAPK) family along with JNKs and extracellular sigregulated kinases (ERKS).
Each of these MAPKSs is activated by specific subset of MAPK kinasAPKWs or MKKSs)
that in turn are activated by MAPKK kinases (MAPKKKSs) gehiatathree-geared cascades
(Gallo and Johnson, 2002). IB1 (JIP1) binds the MAPKK called MKK7, which
phosphorylates JNK, and mixed lineage kinases (MLKs) class ofHKKRB and is required
for stress-induced JNK activation vivo (Whitmarsh et al., 2001; Yasuda et al., 1999). I1B2,
on the other hand, interacts very weakly with JNK and fails to compensate fackhaf 1B1

in vivo in this cascade’s signaling (Whitmarsh et al., 2001; Yasudh,et999). These
findings argue that IB2, if indeed a scaffold, may participatdifierent MAPK pathways as
opposed to JNK signaling cascade. IB2 interacts with p&&orm through its JINK binding
domain (JBD) and with MKK3 known to phosphorylate p38, and the MAPKKK MLKS3,
upstream from MKK3. MLK3, in turn, can be turned on by Racl GTPaseatst by its
guanine nucleotide exchange factor TIAM1, which is yet anoth2rin&racting protein.
The binding of these p38 MAPK cascade components suggests thatajBRanticipate in
scaffolding of this signal transduction pathway. The involvement df N apoptotic
signaling has been well established (Whitmarsh et al., 2001)o8yast, the role of p38 in
this process is not very well understood and accumulating evidencessuggerather
broader role in the nervous system cell fate and functioning (Takeddchijio, 2002).

Interestingly, p38 MAPK has been recently linked to learning aethony mechanisms
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involving LTD and LTP. p38 MAPK is activated in response to NMDAR itidncand
activation of RasGRF1 that result in LTD in adult mouse hippocampus pathway is only
activated upon stimulation of NR2B containing NMDARs. NR2B subunits speessed
later in development suggesting the role of this pathway aftemiti@ patterning of the
nervous system (Li et al., 2006A). In adolescent mice presented withed environment,
p38 was shown to be activated in response to NMDAR induction throughB d&pendent
mechanism resulting in LTP at the CA1 hippocampal region (Li et al., 2006B).

Due to the multiplicity of IB2 interactions with the components Gemint MAPK
signal transduction pathways and many other proteins, we considdutal averexpression
or dominant negative approaches unreliable for definitive analysisB&f flinctions.
Therefore, in order to elucidate its rale vivo, we have generated IB2 knockout mice
(Chapter 3). | have shown that I1B2 mutant mice display a vaniephenotypes including
hypotonia early in development and serious deficits in motor learamgy motor
performance. In addition, juvenile mutant mice show impairment in Isotéactions and
appear to be unresponsive to novel environments (Chapter 4). The compl&rdékout
behavioral responses are highly reminiscent of symptoms observdaeianfMcDermid
patients. The humatb2 gene is, in fact, situated within chromosome 22q13, only 65kbp
away fromShank3, a gene deleted in all Phelan-McDermid patients.

My work has further shown that IB2 is an integral component of dengdastsynaptic
densities, a curious similarity to SHANKS proteins (Chapter 5)hcdgh the molecular
composition of PSDs are not grossly altered in IB2 knockout mice (@h&pt other
supporting work suggests changes in morphology of Purkinje cell deratbtics and spines
(M.Urbanski, our lab) and altered postsynaptic NMDA currents iebadlar granule cells (in

collaboration with F. Prestori and E. D’Angelo, University of BaviThese studies have
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begun to define critical neuronal functions performed by IB2 and estdab? mutation as a
potential contributor to behavioral deficits found in ASDSs and speliifi Phelan-

McDermid Syndrome.
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CHAPTER 2
MATERIALS AND METHODS
RATS and MICE
The rat embryos used for hippocampal and cortical cultures in tidy stere Sprague
Dawley. The mice were generated in our laboratory on the mixezkgtmund

129Svev/C57BI.6 and subsequently backcrossed for 7 generations to 129Svev strain.

DNA and RNA analysis methods:

TAILING, TAGGING AND DNA EXTRACTION

Mice were anesthetized with isoflurane. During anesthesia, ratagavas attached and a
portion of the tail (0.5 inch) was clipped off. Each tail was pgsed for DNA extraction in
650ul of tail lysis buffer (0.05M Tris HCI pH8.0, 0.1 M EDTA, 0.5% SDS)ntaining
500ug/ml of Proteinase K. After overnight incubation at 55°C, tissleislevas removed by
centrifugation and DNA extracted with phenol/chloroform. DNA wagiprated with 4M
unbuffered NaOAc and 0.1 volume of 100% ethanol. DNA was isolated watledsgp
Pasteur pipette, washed with 70% and 100% ethanol respectively andetissolTris-

EDTA (pH8.0).

SOUTHERN BLOTTING

DNA was digested with EcoRI enzyme and ran overnight at 55V in 0 BB agarose gel
for separation. The DNA fragments were transferred from thenge the membrane in 0.5N
NaOH and prehybridized at 42°C in prehybridization/hybridization swlut(50%
formamide, 5X SSPE, 2X Denhardt’s solution, 8% dextran sulfate andDi%h $he IB2 5’

radioactive probe corresponding to 700bp fragment cut out with Sacl erfegmelB2
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promoter region of a plasmid used to generate a construct (800bp upstreaexon |) was
generated using NEBIlot kit with 32P-dCTP using 100ng of DNA. The predee then
subjected to purification through the G50 Sephadex column. The conditiorgrdioe
hybridization to the fragments on the membrane were the samelagpdization. Low
stringency washes were performed at 68°C for 30minutes withSSX and 0.1% SDS
followed by 10 minute high stringency wash 0.1x SSC and 0.1% SDSdestried signal
detected by Geiger counter. The sizedh# alleles detected by the 5 probe after EcoRI

digestion were as follows: 15.7 kb fidn2+, 8.7kb forlb2flox and 5.3 kb fotb2-.

PCR

Four-primer PCR reaction was performed on genomic DNA frommentails to test for
Ib2+/+, 1b2+/- and 1b2-/- genotypes. Two primers used to detect wild type allddg+()
were: forward-(5-TCACCAGCGCTCCATGTTGATGCA-3), backwéh (5-
TGCCCTGCCTATCTCCATCTTCCT-3) and resulted in 591bp product. Timagrs used
to detectlb2- allele were: forward (GCCTGAAGAACGAGATCAGCAGCCT), bacawmd
(CTGGGAGGAGGACATGAGCGTTGA) resulting in 461bp product. The reaxdi were
performed in 50l volumes (1x cloned PFU buffer, 20@ dNTP mix, 5% DMSO, 50pmol
concentrations of each primer, 200ng of tail genomic DNA template anaf3BFU
polymerase from Stratagene). The reaction conditions were: 1aty8&*C for 2 minutes, 5
cycles: 95°C for 1.25 min, 61°C for 2 min and 72°C for 4 min, followed byy2tes: 95°C
for 1.25 min, 59°C for 2 min and 72°C for 4 min. PCR products were sepanat&b%
agarose gel and visualized with ethidium bromide. Heterozygote Db2x /) determined
previously by Southern Blotting was used as a positive control for Hetbsaand distilled

H20 was used in place of a template to serve as a negative c@reqgbrimers were:
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forward: gTTCgCAAgAACCTgATggACA and backward: CTAgAgCETTTTgCACgTTC that

gives 350bp product.

RT-PCR

Ib2+/+ andlb2-/- animals were sacrificed and the brains removed and immedaelsd in
Trizol reagent and homogenized. Insoluble material was removedefiyifegation at
12000g for 10 minutes at 4°C. Clear supernatant was incubated fonuemiat room
temperature to permit complete dissociation of nucleoprotein compléx2s ml of
chloroform was added/ 1 ml of Trizol used and contents were thoroughgd nand
incubated at room temperature for 2 minutes. RNA was precipitaith isopropanol at
room temperature for 10 minutes followed by centrifugation at 120009 for 10 min4t&s. at
RNA was washed with 75% ethanol in RNase free water and obdidsin RNase-free
DEPC-treated water.u§ of RNA was used for cDNA synthesis. The synthesis reaction was
performed at 42°C for 2 hours in @5volume (1x AMV RT buffer, 10mM DTT, 200U
Rnasin inhibitor, 0.95 mM oligo-dT primer, 25U AMV Reverse Transcrg)td2CR reaction
was conducted with 50ng template DNA and Titanium Taq polymefema BD
Biosciences. The reactions were performed i ¥0lumes (1x Titanium Taq buffer, dNTP,
100pmol primers). The reaction conditions were: 1 cycle at 94°QG foinutes, 3 cycles:
94°C for 40seconds, 62°C for 1 min and 72°C for 2 min, 3 cycles: 94°C for 40seconds, 59°C
for 1 min and 72°C for 2 min, followed by 25 cycles: 94°C for 40secds@iC for 1 min
and 72°C for 2 min. The primers used fth2 gene were as follows: exon I-lI
(ACCTTTCACTCGCTGTCGCCT and TCACAGTGGTCCGAGTCGTAGC) sudting
products size is 134bp, exons IlI-V (GGAAGAGGAGGAAGATGGAGATAGENnd
AGGGCGTGCAAGGGACTGTACT) resulting products size is 316bp, exoKsXll
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(TCCTGCCTCTTGTGACCTTGAG and CGGGTGTTTGGTGATGAAGC) uéitng
products size is 168bp, and exons I-XI with 344bp product IF2oneighboring genes, the
PCR conditions were as follows:1 cycle at 94C for 3 min; 3 cyale34C for 40sec/60C-
1min/72C-2min; 3 cycles 94C-40sec/57C-1min/72C-2min; 25 cycles 94C at/340Ge
1min/72C-2min. The primers were as follows fdshank3: SHANK3 EX7_F
TGCTCAGAATGCCTCGGGAAAC SHANK3_EX8 B: TGTTGGCACCACGGAAAGC
resulting in a 94bp product; fohkrsa ARSA EX9 F: GGTCTTTGCTGTTCGGAATGG
ARSA _EX10 B: TTCTGGTAAGGTGGCATCGGAC resulting in 640bp; faChkb
CHKB_EX10_F: CACTTTTTCTGGGGTCTGTGGTC and CHKB_EX11 B:

AGGATGATGGGGAACTCGTCAG resulting in 135bp product.

Behavioral Assays:

All behavioral assays were performed by the same admiois{rayself) at the same time of
the light cycle. The equipment used was cleaned between each se®gsen in order to

avoid olfactory cues.

GRIP STRENGTH

Mouse was tested by placing its forelimbs on the bar and pullitigletting go and the peak

force reading was displayed in [N] or [kg] units and anayzed.
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INVERTED GRID

An animal was placed in the middle of the metallic grid, whi&s when inverted by 180°

and the time it could hold on to it was being measured for 60 sef®aag) et al., 2001).

ROTOROD

Animals were first acclimated to the apparatus a day befwcetimes/day at the following
settings (start:1rpm, top:12 rpm, Ramp:179seconds, Total:180s) on a riotonoldTC Life
Science Inc. Mice were then tested for 4 or 5 consecutive tlegs times/a day with 15
minute intervals between trials at the following settingsartSrpm, top :31 rpm,
Ramp:360seconds, Total: 360 seconds. The speed in rpm at fall-off veadereand

analyzed for each mouse.

ELEVATED T-MAZE

Animals were tested for conditioned fear (open arm avoidamzklaconditioned (innate)
fear (open arm escape) in the elevated T-shaped apparatus coropase enclosed and
two perpendicular open arms that based on innate fear of open spawssnits,r (Echeverry
et al., 2001; Jardim et al., 1999). Before the test, mice werenatized in separate cages
for 3 minutes and then placed into enclosed arm with removable ds@dcfor 1 minute
acquisition (inhibitory avoidance). The door was lifted and the anin@aved to freely
explore the T-maze for 5 minutes. During this time, it was vajesad without experiment

administrator in the room. The apparatus was cleaned after ewersento avoid olfactory
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cues. The behavior was analyzed as time spent in the enclosed vs. opechawer(l et al.,
2001; Jardim et al., 1999). The one way escape (open arm escapasesspere tested in
the same manner except for the fact that the mouse at theinggof the test was placed at

the end of an open arm. Both assays were performed on two different cohorts. of mice

SOCIAL INTERACTIONS

Mice patrticipating in social interactions were not siblingsey were singly housed for 5
days prior to the assay and then allowed to interact in amneuwse cage for 10 minutes.
Their interaction was videotaped without an administrator in the rdtwm.time mutant or

wild type pairs spent interacting e.i. sniffing and touching was recorded.

NOVEL OBJECT RECOGNITION

The test was performed in a black box (75cmx75cm) with the 2 olgkated at the equal
distance from the opposite corners. Each tested mouse was expdsednioutes to the two
objects for two consecutive days. On the third day, after 5 minutesyfdhe objects was
replaced by a bigger and coloristically distinct object andbasa was allowed to explore it
for the next 10 minutes. The number of approaches to each objectev@sled and

analyzed.
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OPEN FIELD

In the open field test a mouse was placed in a center of tiepénent guinea pig cage for 30
minutes and videotaped alone in the room. The time each mouse spententtdrevs. time
spent at the edges of the cage was recorded and analyzezhgehwas cleaned with water

between each mouse use in order to avoid olfactory cues.

DARK-AND-LIGHT PARADIGM

The black box (75cmx75cm) was equally divided into two compartments.afafwas
brightly illuminated and the other was covered in order to ctbatdark compartment. Both
areas were separated by the small entrance to the darnpoftthe box. A mouse was

placed in a bright area in front of the entrance facing the opposite direction.

Cell Culture Methods (Cortical and Hippocampal):

Pregnant rat or mouse females frt2 heterozygote matings were sacrificed with CO2 in
order to obtain E18 embryos. Tails were saved for DNA extraatmoihgenotyping purposes
and hippocampi (and cortices for the cortical cultures) were quididsected out and
processed separately. They were digested with papain asdweak grown in multiwell
plates on 12 mm diameter coverslips coated with poly-D-lysinpg{g@) and laminin
(3ug/ml) at 50,000 cells/coverslip for signal transduction analysessabsequent protein
extractions (or 30,000 cells/coverslip grown upside down for immunofluamest of a 24-
well plate in Neurobasal/B27 medium (Gibco BRL), supplemented witkamine, and
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penicillin/streptomycin. Neurons were re-fed with final concerdraif 2 uM cytosine/
arabinoside/deoxycytidine every three days in culture in omelestroy dividing cells. In
hippocampal cell culture, glia conditioned media was included andlpagdia change was

performed every three days (Tollias et al., 2005).

CELL DNA EXTRACTION

Plates were chilled on ice and the media was aspirated, follbyweaddition of buffer
containing 100mM Tris (pH8.5), 5mM EDTA (pH8.0), 0.2%SDS, 200nM NaCl and
100pg/ml of proteinase K and placed at 37°C overnight. Equal volumepsbanol was
added and plates were rocked for 1 hour at room temperature. DNAewsved using
Pasteur pipette, washed in 70% and 100% EtOH and placed in 1x TE (1@MeM Tris

pH7.5 and 1mM EDTA pH8.0) at 37C overnight.

CELL CULTURE OR BRAIN PROTEIN EXTRACTS

Triton protein lysis buffer was added to each well with primagly cultures (or brains)
(Triton lysis buffer: 20mM Tris pH7.4, 137mM NaCl, 2mM EDTA, 25mM et
glycerophosphate, 2mM Na pyrophosphate, 1mM Na Orthovanadate, 10% glyJ®érol,
triton, 1mM PMSF, 10ug/ml aprotinin, 10pug/ml leupeptin freshly added)ase of cultures
cells were scraped off, transferred to tubes and allowed tonsice for 10 minutes.
Subsequently, cell or brain extracts were vortexed and spun down forirl@esn at

13,000rpm at 4°C. Supernatants were stored at -80°C.

27



CELL FIXATION AND IMMUNOFLUORESCENCE

Cells were fixed for 20 minutes with pre-warmed 4%PFA/4%su@abssom temperature on
the coverslips positioned upside down. Subsequently they were permelioifiz® minutes
with 1%Triton in 1XPBS. Then, they were blocked for 1 hour in 20% senupBT buffer.
Primary antibodies were applied overnight at 4°C at 1pg/ml in RBT 2.5%BSA. The
secondary antibodies were applied at 1:100 dilution for 1 hour at room tdomgerThe
following antibodies were used: anti-IB2 (Antibodies Inc.), anti-tubEITC (Sigma),
phalloidin-rodamine and phalloidin-Cy5 (Invitrogen), goat anti-mousg @4illipore), and

goat-anti-mouse-Alexa488 (Invitrogen).

BRAIN FRACTIONATION

The cortices were dissected out from wild type and mutant midehamogenized (0.32M
sucrose, 0.1mM CacCl2, 1mM MgCI2, 0.1mM PMSF, 25mM NaF, 1mM Na3Vv0O4).ZaCl
was added to 1.25M and part of this solution was stored as fractioe teflaining amount
was placed in the ultracentrifuge tubes with 1.25M:1M:0.32M sucrose as@utand
centrifuged for 3 hours at 100,000g at 4°C. Synaptosomes (fractiwar@)collected from
1.25M interface with a needle. A portion of fraction 2 was diluted solubilized with 1%
Triton, rotating at 4°C for 30 minutes, and then centrifuged for 3utes at 40,0009. The

resuspended high-speed pellet constituted the postsynaptic density fraattar(f4).
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IMMUNOPRECIPITATION

lpug of anti-IB2 antibody was added to 3mg of proteins in 1% Triysis Ibuffer and
incubated for 36 hrs on ice. The next day protein G-sepharose hegidsrinsed off,
resuspended in Triton lysis buffer, added to the immunoprecipitates arsdwebe rotated

for 30 minutes at 4°C. Beads were then collected by centiidngand washed twice with

Triton Lysis buffer. Sample buffer (2% SDS — 125 mM Tris pH6.9 — M beta-
mercapthoethanol — 0.025% bromophenol blue) was added and beads were boiled for 5
minutes. The boiled-off supernatants extracted from beads wemctadfo Western Blot

analysis.

WESTERN BLOTTING

The samples were loaded onto 10% polyacrylamide SDS gels andctedbjeo
electrophoresis overnight at 75mV in a running buffer (Tris-Glybuiger, 0.1% SDS and
10 mM B-mercapthoethanol). The next day, the gel was transferred Hou® at 800mA
onto PVDF membrane (Millipore) previously wetted in methanol. Atransfer, the
membrane was blocked with 5% milk in TBS for 1.5 hours at room temperature. Tlagyprim
antibody incubation was performed overnight at 4C with rocking in 2.5% BSABS.
Secondary antibody incubation was done at room temperature for 1.5 Hoeireembranes

were developed in ECL reagent (Amersham).
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GOLGI STAINING

Mice were anaesthetized with acepromizine and ketamine idjectEaperitoneally.
Subsequently, they were immobilized and 1xPBS with heparin was edjento left
ventricle. At that moment right atrium was cut and PBS was beurgped slowly into
ventricle. After pumping of PBS the syringe was switched to 48cF0.1M phosphate
buffer with 1.5% picric acid. 20ml of fixative was injected. Then, iz avere removed and
sliced in vibratome bath filled with 3% potassium dichromate. Jlilees were incubated
overnight at room temperature in potassium dichromate. They wergldmed on slides and
covered with coverslips in 1.5% silver nitrate solution for 1-3 daysreavwith aluminium

foil. Slices were then washed with ethanol and xylene and fixed on the slides withuRerm
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CHAPTER 3

GENERATION OF 1B2 KNOCKOUT MICE

Introduction

IB2 is a putative scaffold protein, discovered on the basis of segoemmtogy to Jnk
interacting protein 1 (JIP1) or IB1 (Negri et al., 2000; Yasuda.e1999). Both molecules
possess JNK binding domain (JBD), Src homology 3 domain (SH3), phosphutyrosi
binding domain (PTB) and motifs for interaction with motor protein kme&dditionally,
they share multiple binding partners and can form homo- and kaigooneric complexes
(Verhey et al., 2001; Yasuda et al.,, 1999). However, closer biochemieatireation
implicates different signaling module assemblies on thesdoktgiroteins and distinct
binding partners (Buchsbaum et al.,, 2002). Furthermdsg, wide expression is not
paralleled byib2, which is limited to neuronal and neuroendocrine regions. Finally, B2 fa
to compensate for the lack of IB1 in JIP1 knockout mice. These findumggest distinct
roles for these two molecules. IB1 serves as a scaffold for INK patlongooents whereas
IB2 may aid in p38 mitogen activated protein kinase (MAPK) signal transduction.

The complexity of IB2 interactions as well as controversial dggons regarding
scaffold functioning tightly connected to its concentration reagenetic approaches such as
overexpression or dominant negative methods unsuitable to study its fufrerogl, 2000).
Therefore, our laboratory chose to investigate I1B2 role through gegetitg. Prior to
initiation of my research, genetically engineered mice comgib2 floxed (containing loxP

sites) allele were generated (Bhandhyopadhyay and Goldfarb, unpublisae(-aaB8-1).
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Results

This chapter will describe the generatiomb@f conditional knockout mice with the strong
emphasis on the need for and creation of the Ho@ knockout animals. Subsequent
necessary breeding strategies and genotyping methods will also be discussed.

Last, the proper gene expression withi@ genomic context in the mutant will be
demonstrated indicating these knockout mice as suitable model for igatiest the

neurological function of IB2 molecule.

Generation of |1 b2 conditional knockout mice

Mice with the genetically engineerdd2 allele were previously generated in our
laboratory. This modified allele contains lox P sites flanking exnélll (Fig.3-1). These
major exons inb2 gene encode the portion of the IB2 molecule that encompasses JBD, SH
PTB and the middle region that are necessary for nearly alacttons with its binding
partners such as FHFs, p38 MAPKands, their upstream activators MKKs and MLKs, and
TIAM1 (Schoorlemmer and Goldfarb, 2002).

In order to generate conditional knockout mice, the heterozygotesniogtwild type
and floxed allele were bred with mice expressige recombinase under th€amkila
promoter generously provided by Dr. Scott Zeitlin (Dragatsis agitlir, 2000). CAMKIll
is a calcium/calmodulin dependent kinase highly abundant in the brdarthe forebrain
being its predominant expression site. Resulting offspring would gogske wild type,
modified and the knockout allele only in the brain of those that also ssxghe

recombinase. Assuming th&2 gene dosage is not crucial, a possible lethal phenotype could
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Fig.3-1

Schematic illustration of the modified mousie? allele and IB2 protein. Green boxes
represent coding exons. In the modified allele coding exons lllarélsurrounded by LoxP
sites and can be deleted by CRE recombinase. This region gértleeencodes nearly entire
portion of IB2 protein (JBD, SH3 and a portion of PTB domain along witbryening
portion) necessary for its interactions with the binding partnefgresented below
(p38MAPKa ands, FHFs, TIAM1, MLK3 and MKK3.
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be avoided with such genetic composition and these animals could besusedddional
knockout colony founders. The genotyping of the progeny that came froenrttagsgs was
performed to detect the presence of the CRE transgene andlyaeathelb?2 alleles. For
CRE screening DNA was simply extracted from the tip ofrtleise tail and subjected to
polymerase chain reaction (PCR) using primers from CRE {féige3-2). To genetically
examinelb2 allele composition, DNA was extracted from the brain whereGR& was
expected to be expressed and from the liver and kidney to semvegasve control and
subjected to Southern Blotting analysis. For this purpose, DNA wasteib&ith EcoRI
restriction enzymeb2 wild type allele possesses two recognition sites for thigreazfirst
within its promoter region and the second following exon XllI, resultmd5.7kb DNA
fragment upon digestion. The modified allele has an extra Ec@Rktibn site within the
second loxP region generating the 8.7kb and 5.3kb sequence for the floxaddereded
allele respectively. The radiolabeled 5’ probe recognizing promegesn following the first
restriction site hybridizes to all three alleles. As potdl, in animals expressii@ye, mutant
allele was present in the brain in addition to the wild type anad one also found in liver
and kidney. The presence of the floxed allele in brain sampleesé mice can be explained
by the lack ofCamklil expression in glia and epithelial cells. Therefore, in order gb te
recombination efficiency specifically in neurons, the homozygate rhB2flox/flox/Cret)
were allowed to mate and the cortical neuron cultures wererpefilom E18 embryos
processed separately. After two weeks in culture (DIV14), DNA waaated from cells and
analyzed. The presence Gfe was tested by PCR (data not shown) and the recombination
efficiency by Southern Blotting. It turned out that the cellpared from different embryos
all positive forCre transgene, demonstrated full recombination efficiency of the flakel

in some and incomplete one in others (Fig.3-4). It can be spedulat differences in the
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effectiveness of CRE mediated deletion lie in haploinsufficienagrefgene. Alternatively,
it could be a stochastic process. T integration site in mice provided by Dr. Zeitlin’s
laboratory was unknown, therefore an effort to indicate this DNAnetp allow for simple
PCR screening dfre homo- and heterozygotes was undertaken (data not shown).
Meanwhile, the viability and the lack of severe abnormaliti€r &t animals born from
I B2flox/flox/Cret intercrosses suggested that IB2 related deficits might be sutntle. The
predicted analysis would have to require a wide array of belahvamilular and molecular
approaches. With respect to behavioral assays, they would have tafdened using
randomly chosen animals with their genotype and CRE deletion eeifigi determined
postmortem. If the recombination efficiency would in fact turntoute random, it would be
necessary to generate large animal cohorts to be tested grett¢batage of true conditional
knockout offspring could not be determined. The conditional knockout approach under these
circumstances appeared to be extremely inefficient and ¢omsuming; therefore, any
efforts to determine th€re integration site that would enable us to screerCfex-/+ mice,
were superseded by the decision to generate full knockout mi@ngtiCRE recombinase

system.
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Fig.3-2
PCR reaction testing for the presenc€uod gene. Lanes 1,3,4 represent desired progeny that
containsCre gene whereas lanes 2 and 5 repreSeatoffspring.
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Fig.3-3

Southern Blotting analysis of the heterozygote mice contaifidgvild type and modified
allele and expressin@re recombinase determined by the PCR. DNA was extracted frem t
brain as well as liver and kidney for control purposes. Above is am@e of two separate
animals. As expected the knockout allele is absent from the hdekidney. The presence of
three alleles: wild type, floxed and deleted was found in the.bitatould be a reflection of
other cells in the brain such as a glia, which do not expres€amill and/or the low
recombination efficiency.
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Fig.3-4

Southern Blotting analysis of the cortical cell cultures DNA ivéel from the
IB2flox/floxCre+ embryos. Two lanes correspond to the cells from two different yasbr
The first lane shows both floxed and deleted allele whereas the atlke only a knockout

one.
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Generation of | b2 full knockout mice

In order to generate full knockout mice we took advantage of oumgxastimals with
the b2 floxed allele andCre recombinase system to remove the gene by microinjeCliag
on a plasmid DNA into fertilized eggs. To prevent the possibilityetfality in a full Ib2
knockout, wild type females (129Svev strain) were mated with |BRflox/floxCre-
(C57Black6/129Svev mixed background) males to generate heterozygote embryos
(Ib2+/flox). To prepare for microinjection of the DNA specifically dnpronuclei before
fusion, the wild type females were subjected to the specifindwoe regimen geared towards
increasing their fertility and specifically time their ovida. First, they were given a
pregnant mare’s serum gonadotropin (PMSG) injection, which stimulsegevelopment of
ovarian follicle in a manner similar to follicle stimulatihgrmone (FSH). It was followed
forty eight hours later by human chorionic gonadotropin (hCG), whichaadise luteinizing
hormone. The matings were set up late in the afternoon to allowefondrning collection of
fertilized eggs at one cell stage. The eggs were removed féorales and transported at
room temperature to the Mount Sinai School of Medicine where theg ingctedCre
plasmid DNA by Dr. Kevin Kelley at the Mouse ES/Transgenic &hdesource Facility.
Following microinjection into male pronuclei, eggs were implanted surrogate mothers
provided by the facility.

Thelb2 genetic composition of progeny derived from these manipulationaseassed
by Southern Blotting. The resulting offspring were: chimeras plagsessed three alleles
Ib2+/1b2flox/1b2- where the incomplete CRE mediated recombination took place or the
deletion occurred following cell division, heterozygotb+/Ib2flox where the process of

recombination failed, and finally the desired progeny thaevireterozygotes for wild type
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and knockout allelelp2+/1b2-) (Fig.3-5).1b2+/- heterozygotes were chosen to mate in order
to generate the fullb2 knockout mice. The mutant animals were born with the expected

Mendelian ratios of ~25% indicating no embryonic lethality.

Necessary breeding strategies and genotyping methods

In order to generatih2 knockout mice, the mutant mice were allowed to mate. The
progeny born from these intercrosses were viable and fertile. \Wowéheir breeding
efficiency was very poor, which could have been a reflectioanaferlying neurological
deficits of these animals (CHAPTER 4). Therefore, the heterogymguttings became a
standard method for generating mutant progeny. For subsequent ssatie mice were
analyzed on the mixed 129Svev/C57Bl.6 background. Additionally, backcrosst® to
129Svev strain were undertaken to obtain purer genetic background.

Offspring born to heterozygote parents were weaned at posiagt&l and their tail
DNA was used for genotyping. For convenience and necessity fok genotyping of
heterozygote derived progerg/four primer PCR reaction where wild type and mutant allele
are simultaneously recognized was designed and optimized @igl3iese matings and
genotyping strategy became a standard method for genematithgchoosing mice for

analytical experiments aiming at elucidation of IB2 function.
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Fig.3-5

Southern Blotting analysis of the progeny followi@ge microinjection into fetrlized eggs.
Three types of animals were generated: chimeras with #ileles- wild type, floxed and the
knockout one (lanel and 4), heterozygotes for wild type and floxed alleéze the
recombination was unsuccessful (lane 2) and the desired progemathtite wild type and
knockout allele (lane 3)b2+/Ib2flox mice were chosen to breed to generate full knockout
mice colony.
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The four primer PCR reaction used to genotype the progeny freeanohggote matings. A
pair of primers that recognizes the wild tyfi® allele (b2+) generates 591bp fragment
whereas the pair that recognized a deleted allele resuft6libp product. Lanes 2 and 4
show heterozygote animald?2+/-). Lanes 3 and 7 indicate wild type progeny and the lanes
5 and 6 represent mutant animals.
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Assesment of the remaining | b2 fragment expression in | b2 knockout mice

The successful removal of loxP flanked DNA in newly genetatknockout mice, was
determined by Southern Blotting and PCR analysis. However, theeengd animals still
contained PGK promoter and remainderdh® gene, which could be expressed and affect
the proper functioning of the neighboring genes. This possibility tested by RT-PCR.
Briefly, RNA was removed from the wild type and mutant braireated with the DNAase
to avoid genomic DNA contamination and cDNA library was generatéuy ugverse
transcriptase. The subsequent PCR step was performed usingrspfitom the regions
outside and inside loxP sites. As expected, the primers from ék@msl V missing in the
knockout generated the product only in a wild type sample (Fig.3-fi@)relgion preceding
and following loxP site are left intact in the mutants and &sriits out both are expressed
(Fig.3-7a, Fig.3-7b). The fragment preceding the first loxPesitwdes the short N-terminal
sequence, which has not been implicated in any IB2 protein-proteiragtions. Thdb2
exons following the second loxP site, on the other hand, encode the gtRRmacessary for
binding to the motor protein kinesin. We wondered whether thegegees are spliced out
together in a mutant to generate one fragment. Using primerseftons | (forward) and XI
(backward) indeed resulted in a product of expected size in a knockeut &osn the wild
type (Fig.3-7b). However, we do not expect that this could affecilBiurelated analysis of
the knockout mice as this expression would result in a highly truncated polypephdithei

or potentially no functionality nor stability.
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Fig.3-7a

RT-PCR analysis ofb2 expression in wild type and mutant mice. Two sets of primers wer
used: first pair corresponds to the exons | and Il that precedexthaite and from exons Il
and V that lie within loxP region. As expected the exons | antelkapressed in both wild
type and knockout mice whereas region surrounded by loxP sitessimgnis the mutant
mice. Water was used as a negative control.
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Fig.3-7b

RT-PCR analysis. The primers from the region following loiBss(exons IX-XI) and the
exons | and Xl revealed the expression of the C-terminal sequeftt@ag well as a spliced
out form containing fragment of the N and C-terminal regionsbih knockout animals

(right).
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| b2 knockout does not alter expression of neighboring genes

As previously mentioned the PGK promoter in the construct region prgcebai first
loxP site is left intact in the mutant mice. This PGK promotehe deletion ofb2 genomic
sequences could, hypothetically, affect the expression of the naighhlgenes. In such case,
the phenotype observed in the knockout could reflect a function of a protein @érpode
gene different fromb2 or their synergistic effect. Therefore, we decided to closedynene
genomic organization and expression surroundinghifdocus. I1B2 is located on a murine
chromosome 15 at the location 15E3. Its neighboring genes are cholase kietaGhkb),
arylsulfatase AArsa) that are transcribed in the opposite direction and, further dcanstr
SH3/ankyrin domain gene3{ank3) (Fig.3-8).Chkb encodes the enzyme-choline kinase that
phosphorylates choline/ethanolamine. The lack of CHKB in a mouse i$estadi by bone
deformity and hindlimb muscular dystrophy (Wu et al., 20883a encodes Arylsulfatase A,
an enzyme localized to lysosomes and responsible for breaking dogwilgdids, which are
the major components of myelin. The lack of this enzyme resultscaomulation of
sulfatides and leads to metachromatic leukodystrophy (MLD) in hema the mice missing
this gene, the disease is much less severe. At one yege tifey seem to have impaired gait
and motor coordination and display hypercactivity (Sevin et al., 280a@hk3 encodes SH3
and multiple ankyrin repeat domains 3 protein. SHANK3 is a scafiobtein with SH3
domain, a PDZ domain, a long proline-rich region, and a SAM domain t@chteith its
multiple binding partners. In neuronal cells during development itesdrates in growth
cones of axons and dendrites and in more mature system iz&sctdi postsynaptic density
region (Sheng et al., 2000). It is hypothesized that through its iputeiein interactions it

scaffolds metabotropic and ionotropic components at the excitatory synggpdgocation
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further inside the cytoplasm and ability to interact with aggulatory components indicates
its role as a synapse organizer (Sheng et al.,, 2000). UnfortyntitelShank3 knockout
mouse has not yet been described. In humans, point mutati@sank3 gene have been
found in autistic patients. Additionally, it has been implicated insaatie referred to as a
22013 Deletion or Phelan-McDermid Syndrome. The disorder is manifegtedmplex
phenotype, similar to the one observed in autism spectrum disorderef @smenteresting
features is that a skill acquired by the individual is lost isd¢weeeks later possibly due to
synaptic instability (Wilson et al., 2003). The fact that the paercsymptoms differ from
patient to patient and the size of the deletion varies suggestspaaicen of additional genes
in this syndrome.lb2 close localization toShank3 and deletion in nearly all affected
individuals along with its exclusive expression in the nervous systakes it a very likely
candidate involved in this disorder.

Due to the above reasons, the expressiotbdheighboring genes was tested using
appropriate primer pairs and cDNA from the wild type &b2 knockout mice brains. As
shown in Figure 3-7, the expressionGikb, Arsa and Shank3 is unaffected in the mutant.
Therefore, any deficits found itb2 knockout mice will be attributable to the lack of

functional 1B2 protein.
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Ib2 is localized on murine chromosome 15 at the location 15 E3 bet@ddnand Arsa
genes and downstream from it |a§isank3 gene. The expression of its neighboring genes
was tested by RT-PCR. The primers were chosen from exoresponding to the particular
genes. As seen above, all of them are expressed in both wildrgptne knockout mouse

brains.
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Discussion

The complexity of IB2 interactions led us to use the reversetige approach in order to
establish the function of this putative scaffold protein. The geparafithelb2 conditional
knockout and the lack of lethal or severe phenotype along with difisuh genotyping
methods and various degrees of CRE mediated recombination posed enorfausedifin
generating mutant animals suitable for analysis of IB2 funeiwhled us to generation of
Ib2 full knockout mice. These animals are viable and appear normaheofitst
approximation. The only observed abnormalities are the poor breedingnpentas, which
brings upon a necessity of heterozygote matings to generate the knoigewtnd the 20%
growth deficits observed in mutant mice (Fig.3-8). The lackisible and severe physical
impairments allows us to conduct the broad spectrum of behavioralacelnd molecular

assays in quest for IB2 neurological function.
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Female Mice Growth Chart
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Age[Days] IB2-/- IB2-/- IB2+/+ IB2+/+ Student’s
N=6 St Dev N=5 St Dev T test
Average [g] Average [g]
21 9.8 1.2 12.2 0.8 p<0.004
28 11.0 1.8 14.8 15 p<0.004
35 13.7 2.0 18.0 14 p<0.003
42 14.8 2.9 18.8 1.9 p<0.03
Fig.3-9

The growth chart ofb2 mutant and wild type mice (129 Svev background). The analysis was
performed from the day animals were weaned (P21) and every Wwedafter until P42,
indicating persisting weight deficits.

50



CHAPTER 4

BEHAVIORAL ANALYSIS OF 1B2 KNOCKOUT MICE

I ntroduction

IB2 is a putative scaffold protein for INK and/or p38 MAPK diggabut its exact role
has not been elucidated. In humans, Ith#& gene is located on chromosome 22 to which
several neural diseases have been mapped (Negri et al., 2000nhstaoce, in Phelan-
McDermid syndrome also called 22g13 Deletion, a portion of chromosomeegica 13 is
missing (Wilson et al., 2003). Common features found in children withctiismosomal
abnormality are hypotonia, sleep disorders, impaired early resptmsbs environment,
affected sensory processing and motor skills, language and communaztiots (Philippe
et al., 2008). Being a very close neighbo&tank3 gene, implicated in this syndromég is
also missing in all but one analyzed patients (Wilson et al., 2008;hwnakes it a very
likely candidate contributing to this disorder. In addition, IB2 is esped exclusively in
neuronal and neuroendocrine regions, which strongly suggests itsaggeaibfunction. Its
expression within the nervous system is ubiquitous with the highesis |[éwend in
cerebellum, pituitary gland, occipital lobe and amygdala (Negail,e2000). Cerebellum is
mainly responsible for fine movement coordination and motor learningita®yt gland is
involved in production of growth and sex hormones. Occipital lobe receives acespes
sensory information from retina. Amygdala, on the other hand, patégsipa emotional
learning and fear responses. Due to the complexity of describephtdactions, its broad
neuronal expression and variety of phenotypes in 22913 deletion, we dexidedarm a

broad behavioral survey of IB2 knockout mice.
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Results

This chapter will present results of behavioral assays comdoiet®2 knockout vs. wild-
type mice, focusing on tests that showed deficits in IB2 mutane.nAll experiments
compared wild-type and mutant mice on the same 129Svev/C57BI6 miasdisickground
or purer 129Svev backcrossed for 7 generations. The similaritie? dni@kout phenotype

to Phelan-McDermid Syndrome will be discussed.

| b2 mutation causes developmental delay in Grip strength

In order to begin the behavioral analysis of IB2 mutant ntloe classical tests for
functional neurological deficits were employed. One such commgsdyg assay is so called
“Sensorimotor Battery”. It consists of four tests: platforndgks walking initiation and
inverted screen, designed to qualitatively assess balance, ctiordimauscle strength and
movement initiation (Wang et al., 2002; Wozniak et al., 1996). In all fouaramal is
subjected to 60 seconds of analysis during which it is simply patedsmall platform, thin
ledge, inside an outlined square or on the grid respectively and thenaofatime it can
remain there is being recorded.

No differences were found in the platform, ledge and the walkingtioitiassays (data
not shown) in animals that were weaned from the parents at the tpbstag P21-P23
indicating no gross motor skills impairment. However, the defioigse observed in the
inverted grid assay (Fig.4-1). IB2 mutant mice were able t@ireiwn the inverted grid for
average 19 seconds in contrast to their littermates that werendpadi for average of 48

seconds (T test p<0.002). In order to determine whether this iipapédrsists in older
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animals, the mice were re-tested at P28 and P35. At this 8tage was no difference
between groups, all subjects remained on the grid the entire téstieg The observed
phenotype can be explained by a muscle weakness or reduced griphstrieserved in the
mutant mice early in development. To examine this possibilitp, girength measurements
in another animal cohort were performed using “Digital Grip rigjtle Meter” (Columbus
instruments International Corporation). In this test, a force intdlewis recorded when a
subject that holds on to the metallic bar is pulled away byaitsQue to the possible sex
related strength differences, males and females were coideparately. This analysis
supported the inverted grid findings showing a grip strength reductiorutant mice that
persisted until four weeks of age and was no longer observed atiB361(f- This disparity
can be explained by the significant force increase from PPR8observed in both animal
groups, which is probably sufficient to successfully perform the @##.tBoth assays
confirm that observed grip strength deficits in mutant micelré®m developmental delay
and are no longer detectable at P35. It can be speculated that mmicantearly in
development display a hypotonia. Since high levels of IB2 are founeré@ibellum the lack
of thereof may result in cerebellar dysfunction. Cerebellureives information from the
muscle spindles through spinocerebellar tract and sends inforntfatoargh cerebrocortical
tract to the motor cortex. Some disturbances in this signaling nesuylt in cerebellar
hypotonia. It may happen that motor cortex compensates for this asuaély by increasing
its activity, which could result in a disappearance of the hypotonieutants later in
development. In humans it may happen through physical therapy, e parbaps during
their normal activities they perform in a cage in orderaimgete for food and move around,

which increases when they are weaned from their mother at
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Developmental delay in grip strength. The ability of mice (oneedhbackground 129Svev
C57black6) to remain on the inverted grid was tested for 60 secondsndBRout mice fall
off faster than wild types at three weeks of age, but atiR88remain on a grid for entire 60
seconds (top figure). This is paralleled by the grip strengtltidebbserved at 21 days,
which still persist at four weeks of age, but the significardgancrease in that week may be
enough to allow them perform well in the inverted screen task. Btwaggth differences are
no longer observed at P35.
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P21. This finding urged us to perform analysis of another cerebedliated phenotype. In
addition, these results defined the age group for animals beingruseblsequent analysis to

be P35 or older.

Motor learning and fine motor skill deficits: Rotorod assays

To further explore possible cerebellum related deficits, we detmdaibject the mice to
the rotorod. This assay tests basal and learned performante aormplex motor skill of
remaining balanced on an accelerating rotating horizontal rod.Killseerecessary to master
this task are a proper motor learning and fine motor movement cocodinbtth directly
linked to cerebellar function.

Mutant mice and their littermates were familiarized \thih apparatus for three times
on a first day for a brief period of time. The testing betjgnext day and the mice were
trained three times a day for 4 consecutive days on the rotorod thieespeed was linearly
increasing with time for a total of 360 seconds. The maximumanotapeed that mice could
master was recorded and averaged from the three trials fegradpy performance. Females
and males were considered as separate groups in this task ameadrample is presented.
These mice were on a nearly pure 129Svev background backcrosseddorgenerations
(the same results were observed for the mixed background groupnatashown). The
analysis was done first in a different testing area and riqaeated in a home room for the
reasons that will be discussed later in this chapter. Overdl kh®ckout mice showed
significant deficits in this task in comparison to their tittates (Fig.4-2). Their performance
was much worse to begin with on a first day. Over the next forg @dd mice significantly

improved whereas mutant animals were not able to learn thiandstheir performance was
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basically the same on the last and first day. Poor initidpeance most likely corresponds
to the deficits in fine motor skills and coordination. Furthermoraripeompletely absent
progress in the mutant group tested in another room and a mild improvelnsented in a
home room clearly indicate their motor learning deficits. @NWerthese results are a

reflection of improper cerebellar functioning whether in its circuitry or orsidpealing level.

Reduced conditional fear learning

Dramatic impairment in motor learning in IB2 knockout mice daike possibility that
another form of learning may also be affected. Since IB2 isyhigkpressed in amygdala,
which is known to participate in an emotional learning and fear responseemployed the
use of a well described and commonly used elevated T-maze appahisugssay examines
the fear and stress responses in rodents based on their innatéd tgsen spaces. The
elevated apparatus is composed of one enclosed arm and two perpendicular opehaaems, w
animals can be tested for conditioned fear (open arm avoidancealled @mhibitory
avoidance) and unconditioned (innate) fear (open arm escape-one wag) €&cheverry et
al., 2001; Jardim et al., 1999). In the inhibitory avoidance, a mouse edplathe enclosed
arm where it feels safer and once it positions itself fatiiegremovable door that encloses
this compartment, the door is removed and a mouse is allowed to erplemearms. It
eventually learns to avoid it due to its innate fear of open splacese way escape, on the
other hand, the animal is placed at the end of an open arm and teasaspe from it based
on the same principle. Both tests are performed using naive and are conducted for 5

minutes during which an animal is allowed to freely explore the apparatus dadwing
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Rotorod. The mutant mice on a pure 129Svev background tested in a proocedur@nd in
home room show impaired performance and motor learning in companigbe wild type
animals.
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videotaped without the experiment administrator in the room. The himenice spend in
each arm is recorded and analyzed over three consecutive days.

Mutant mice showed impaired responses in both of these assaysieHaweir more
complex behavior in the one way escape will be discussed in arfisgiston of the
behavioral chapter for clarity reasons.

In the inhibitory avoidance that examines conditioned fear respailsesld type and
heterozygote mice spend most time in the enclosed location andddaar and avoid open
arms already on the first day of testing in contrast tolB# knockout animals, whose
response appears to be rather random (Fig.4-3; top left panel)tudens T test value for
this day indicates high statistical difference between group$08. They do not respond as
a cohort in a similar manner, but rather wander around. Some spendimm®ia the open
than others and are slower to learn. The number of exits into the open does not difenbet
mutants and their littermates (Fig.4-3; right top panel) and theomotor activity is the
same (data not shown). On the second day, however, they begin ta steowd as a group,
spending more time in the enclosed location and finally on the thirdhagyall avoid the
open area similarly to their littermates. This delay inlegy a negative response to the open
arm strongly suggests a deficit in fear conditioning in 1B2 knockaaenturthermore, it
may also be a reflection of the difference in fear responses in tmsalagrioup. Alternatively
or perhaps additionally, the lack of IB2 in the occipital lobe, whiere highly expressed,

affects the visuospatial processing that may also contribute to this phenotype.
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In the T-maze inhibitory avoidance test mutant mice on a mixedyb@md show impaired
learning abilities. When first placed in the enclosed locatioey eventually learn to avoid
an open region, but it takes them longer then wild type animalketratthis behavior on the

first day.
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Deficitsin social interactions

The deficit in fear related conditional learning and possibly irtenfiear in our mutant
mice could result from defective functioning of amygdala. This paithe brain is also
involved in other form of behavior such as social interactions. Lesiorenygdala in
primates cause strong deficits in social contexts and areassadnodel for human autism
behaviors. Since some phenotypes in human 22g13 deletion syndrome araniaryt®
autism spectrum disorders and we suspect IB2 involvement in theasadiseve decided to
examine IB2 mutant mice social interactions.

For this purpose, we performed social interaction test in a nemvabnment. In this
assay an animal pair (either mutants or wild types/heterozm)gstelaced in a neutral cage
and allowed to interact for 10 minutes with the experiment admatostout of the room. A
normal behavior in this context is for animals to explore one antheniffing and/or
touching with the tail. The amount of time the animals spend engagédsibehavior was
recorded and analyzed. The female pairs and young male pairs wereTtastpdirs of older
males were omitted due to possible aggressive behavior. Therdgteeaented as females
only (Fig.4-4; left panels) or males and females data comlfifigdd-4; right panels). 1B2
knockout mice show significant impairment in social interactions utiese circumstances.
They spend on average about two minutes interacting as oppose ttittdrarates that
engage in this behavior for almost twice as much time. This phentyppical of the entire
cohort of pairs as can be seen on the bottom panels, which arealjfistent representation
of the same data shown in top panels. It further confirms defiitscan be attributable to

some defect in amygdala.
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Fig.4-4

Mutant animals show reduction in social interactions. Females amijeveales (P35) were
placed in the neutral cages and allowed to interact for 10 minutesinféepent interacting
(sniffing, tactile contact by tail) was recorded. The lefigda show different representation
of the same data (females only) whereas the panels on theshimghitcombined data (male
pairs and female pairs).
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Unresponsiveness to the environment in a subset of mutant subjects

As previously described, some of the conducted assays were guidechér results and
in part by the phenotype found in 22913 human genetic disorder in which lencélle2 is
usually missing. However, because very little is known about IB2 iamcta broad
behavioral survey was also conducted. This analysis unexpectedblag\another mutant
behavioral phenotype: nonresponsiveness to environment. The assays presedhisd in
section include novel object exploration, open-field locomotor actigityl dark-and-light
paradigm.

The Novel Object Recognition test examines general exploratorywitwehend the
response to the new object. In this assay, a mouse is placed fonut®gmn a square box
(75x75cm) with an open top that contains two objects for two consecutise @aythe third
day after 5 minutes of exploration, one of the old objects is exchdogé#u: new one and
the mouse is allowed to explore for the next 15 minutes. The numbppfaghes to the
new object and the number of approaches to the old object are recoddaobdyzed. In the
open field assay, a mouse is placed for 30 minutes in the clesagpig cage (19x16.5
inches) in the middle of the field and allowed to freely exploreatba without experimenter
in the room. This test is designed to measure locomotor activipgraetivity or exploration.
Dark and light paradigm measures both spontaneous exploratory bedraVvioouse natural
aversion to brightly illuminated areas. As such, it allows fotlintgshe exploration of the
new environment, fear, and anxiety. A mouse is placed in the box wétigon, where half
of the box is brightly lit and the other is a dark enclosed compattiiée mice being
natural explorers would be expected to go in and out while spendingtimerén the dark

area where they feel less anxious (Hascoet et al., 2001).
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When these assays were performed, as well as the one wpg &soa the elevated T-
maze, the mutant mice group showed significant statistical eliféer from their littermates
(Fig.4-5). However, closer examination of the data interestimgligated that this difference
is attributable to a certain percentage of mutant animalsliay atypical behavior. They
appear completely unresponsive to the environment. They simply saagtyewhere they
were put by the experimental investigator (myself) and renhaire tfor the entire length of
the performed test. Their behavior cannot be categorized asnfyesace they are moving
their front paws or turn around, but staying in the same area withaullegged walking, as
if they were lost. In each of the figures corresponding to the diffessalyathese animals are
outlined with the red square. Interestingly, a common feature daf thets is an open space
in new surroundings.

In the T-maze one way escape that measures the innatedpanse, several subjects
beginning on the first day remain on the open arm region wherentheyfirst placed and
never learn to escape from it into the enclosed area sincédéveynever learned about the
existence of such location. The rest of analyzed mutant animals behave in arsanit@r to
their littermates displaying gradual learning over three dagsspending nearly entire time
in the enclosed arm on the last day of testing (Fig.4-5a). Upoovedrof the unresponsive
subjects, the Student’s t test analysis shows no differences between graupstdabwn).

Similarly, in the novel object recognition test (Fig.4-5b), a grougnoickouts shows
complete lack of exploration of either old or new object. None of theé type subjects
behaved in this fashion during this assay as exploration is an inborn chdeatteristic.

The rest of mutants, once again, shows similar response to the wild type group.
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Nonresponsive phenotype observed in the subset of mutant mice in onecapg &sT-
maze apparatus.
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Nonresponsive phenotype in the subset of mutant mice in Novel Object Recognition test.
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In the open field assay (Fig.4-5c), a subset of IB2 knockowt simaply stayed at the
center location where they were first placed and did not move fantire 30 minutes assay
even though the area near the walls would be a safer choice.aQam, there was no wild
type animal that would display this kind of behavior.

Finally, in the dark and light paradigm (Fig.4-5d) where the rareealso allowed to
explore their surroundings and encouraged to enter the dark atba byld stressor in a
form of the bright light, several mutant subjects remainedHerentire assay time in the
light. This behavior argues against increased anxiety, sincevindyg rather escape this area
unless their anxiety level is so high that it makes them unali®ve. The rest of the group
also acted as their wild type counterparts.

The differences in mutant group responses in these assays could attribo¢ed to
factors such as sex, age or testing during the light cycleesMeere used in open field and
dark and light paradigm, females in novel object exploration and both in T-maze amélysis
animals were in the same age group range P35-P49 and each anargiven assay was
tested during the similar time of a light cycle (in thesafoon) and in the same procedure
room. All were handled by the same investigator (myself). The spansiveness of mutant
animals in the above assays also cannot be attributed to an inheqgaitment of
locomotive capability. In a similar open-field assay pertednm the home room as opposed
to a procedure area, all mutant animals were active (datahoetn). Furthermore, when
these same animals were re-tested in a separate procedarevar several days, most
mutant animals became non-responsive (Yam, Giza and Goldfarb, datahowh).
Therefore, nonresponsiveness was not apparent when mutant animals vaefamiliar

environment, but was a trait developed when faced with (stressed?) novel environment.
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Nonresponsive phenotype in the subset of mutant mice in open field ancrahrdight
paradigm assays.
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Discussion

IB2 mutant mice showed deficits in multiple neurological procesgésating the need
for this protein for a proper functioning of the nervous systemrdstiagly, many of them
resemble human Phelan-McDermid Syndrome. The children with tleigasgisamong others,
often display hypotonia, motor learning and motor skills impairmenrifjculty to
communicate and interact socially early in development, unresponsveiesthe
environment and deficits in amygdala shown by positron emission tomggr3ph
knockout mice display inability to remain on the inverted grid and grgmgth deficits that
may result from hypotonia manifested as a developmental delagiblyoslue to other
molecules and/or other brain areas compensatory effects latehemmator learning and
coordination are significantly impaired as shown in their poor rotorefbrpgance. It is
known that cerebellum dependent motor learning requires proper lomg dgpression
(LTD). Interestingly, 1B2 binding partner, p38MAPK has been implicatetthis process. It
is possible that the lack of IB2 might affect LTD either tigtoy38 or other means. LTD in
IB2 mutant mice is currently being analyzed by our collaborafergenile mutant mice also
display a marked reduction in social interactions, a finding that qouilst to defects in
amygdala. Alternatively, it could be explained by olfactoryaitsf which is currently under
investigation in our laboratory. As a possible reflection of aoltili amygdala
malfunctioning,lb2 knockout mice show abnormal response to fear conditioning or fear in
inhibitory avoidance in T-maze apparatus. The most peculiar phermltgpeved in a subset
of mutant mice is unresponsiveness to environment, which could stem fifaeits die
sensory information processing and/or individual responses to stiessvision inlb2

mutant mice appears to be intact as they are able to sfutigesavigate to a visual platform
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during Morris Water Maze analysis (data not shown). It can beukgied that the
unresponsiveness to the environment observed only in some mutants lecgorebf an
incomplete penetrance t2 gene deletion. The uniform performance of mutants as a group
in other assays may be a reflectionlla? pleiotropy and different necessity levels for this
molecule in various processes and/or in distinct regions of the. BB in a wild type is
widely but not uniformly expressed throughout the brain (Negr.eP@00). Alternatively,
this finding could be explained by strong emotional stimuli and respansgked in these
assays and the differences among animals in coping with.slfrése animal’'s emotional
reaction is compromised to begin with as we suspect is tharc#2 knockout mice since
they display deficits in amygdala related tasks, its respansi@etstressful stimuli such as
novelty and open space may also depend on additional personal Smaite. may have
naturally higher resistance to stress while others may nothwbiald contribute to different
responses to the same situation. Thirdly, there is a possibilitynddack of IB2 in some
animals depending on their personal experiences have been randomiysategdoy other
molecules or mechanisms. For instance, a visuospatial deficitgipitaclobe and inability
to orient in space due to cerebellar deficits may be comigehg&a visual and motor cortex
area increased intrinsic excitability, which may depend on dasiimparsonal experiences
such a singly housed versus crowded cage, very few or multigiagsband competition for
food and space during development. It may be supported by the finding Hwme of our
assays, performed in a home room, mutants behave as their palddynterparts (Giza and
Yam, unpublished data). It is possible that additional stressoramadf a different testing
area e.g. sensory, visual and odor stimuli are enough to push soneenofitdnts over the
edge to display certain behavior that under normal conditions would go udndigsdhe

function of IB2 becomes clearer, it may be easier to explatamh mice performance under
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certain circumstances. Due to these last two characterigte®22913 deletion syndrome is
often misdiagnosed and mistaken with other most commonly known augsoirisn
disorders. It is also one of the reasons why this syndromd jsostily described and so few
subjects were being studied. Nevertheless, nearly all idedcipatients display above
features. Therefore, the lackldR in human deletions may contribute to some of the features
or have synergistic effects with other missing genes in theaskées These findings together
with IB2 exclusive nervous system expression are suggestiv& radutrological function and

argue thatb2 knockout is a mouse model for human Phelan- McDermid syndrome.
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CHAPTER 5

MOLECULAR AND CELLULAR ANALYSIS OF IB2 MOLECULE

I ntroduction

In spite of IB2 sequence similarity to IB1 (JIP1) and itstgkd interact with JNK kinase
invitro, current reports regarding its cascade scaffolding abilities, proteisipmoteractions
and localization remain controversial (Yasuda et al., 1999; Negli,é&2000). Its expression
along with other components of INK MAPK cascade potentiated JNNa#&on in a similar
manner to JIP1 and overexpression inhibited JNK activation suggéstimyolvement in
this signaling pathway (Yasuda et al., 1999). However, IB2 was urabtertpensate for the
lack of IB1 in JIP1 knockout mice and the JNK signaling in thesmalsi was impaired
(Whitmarsh et al., 2001). Other laboratories showed that IB2 bindidd\K is very weak
and it is in fact forming stronger complexes with another MAPK38 and p38, and can
interact with their upstream activators MKK3 and MLK3 (Robidoux, akt 2002;
Schoorlemmer and Goldfarb, 2001). In these studies IB2 was shown to petpB&aands
activation upon interaction with its distinct binding partners TIAM# &HFs respectively,
both of which do not associate with JIP1. TIAM1 is a guanine exchang® fpecific for
Racl, which is upstream from MLKS3. Early in development it cafiobed at the growth
cone, but in mature neurons, it localizes to dendrites (Tolias @0ab). FHFs are involved
in regulating intrinsic excitability of neuronal cells and &&nfound interacting with sodium
channels at the axon initial segment. Their interaction with dB& sodium channels is
mutually exclusive. In presence of IB2, FHFs potentiate activatiop38 in a dose
dependent manner. Endogenous complexes of IB2 and TIAM1 or FHFs are fotimal i
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brain protein lysates. In addition to aforementioned interactions,ctBains additional
array of binding partners such as amylpigrecursor protein and apolipoprotein E receptor.
Noteworthy is also its interaction with the motor protein kinedch suggests its delivery
to the tips of dendrites and/or axons in a manner similar to JIP1 (Verhey et al., 2001).
The vast array of the binding partners and potential involvemersica$fald for distinct
signaling cascades make it very difficult to approach IB2 arslyWe hypothesized that as a
binding partner of TIAM1 and JIP1 which are found localized at the dentps and as a
kinesin cargo IB2 also has a potential to reside and be delivietbd postsynaptic regions.
There, it could participate in a signal transduction leadingtteation of p38 MAPK, which
is known to be strongly enriched at this site. Interestingly, Ip@® and TIAM1 were
implicated in NMDA receptor dependent synaptic plasticity. MIAis phosphorylated in
response to NMDA receptor activation, a process which resultpine sutgrowth and
formation. p38, on the other hand, is involved in the NMDA receptor dependemnn¢eand
memory processes such as LTD and LTP early in development untin caicumstances
(Kennedy et al., 2007). Therefore, we have turned to investigafgeélence of IB2 at the
synapse and examine p38 signaling pathway and TIAM1 induction follothimgNMDA

receptor activation as possible key events in IB2 functioning.

Results

This chapter will demonstrate the evidence that IB2 is a resflarppostsynaptic density
(PSD) as shown by brain fractionation, co-immunoprecipitation w8 Bomponents and
by immunostaining. No differences in basal levels of the comngin leésidents were found

in the 1B2 knockout mice. p38 MAPK basal and active levels also did riet.difi addition,
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no deficits have been found in a signaling pathways previouslytegptm result in p38 and
TIAM1 activation upon NMDA receptor stimulation, showing no involvemenB& in the

signaling from NMDAR to p38.

Generation of a mouse monoclonal antibody against | B2

In conjunction with NeuroMab Facility (Antibodies Incorporated) were able to
generate mouse monoclonal antibody against IB2 molecule thpédsic for IB2 and does
not interact with JIP1. We have provided the company with the immundg&imIB2
containing residues 226-421 that bear no sequence homology to JIP1 as plasmids
expressing full length flag tagged 1B2 and JIP1 and rabbit antpép®de antibody. Several
clones of this antibody were tested using brain protein exthasts our wild type and 1B2
knockout mice and the clone that gave the strongest signal wasidobosmir subsequent
analysis (data not shown). The monoclonal antibody recognizes IBZuteolghich runs in
the polyacrylamide gel at the 150 kDa, which is in agreement Wwehpteviously used
peptide antibody. The normal size of IB2 is about 75kDa protein, but various

posttranslational modifications could account for its noticeable gel shift.

IB2 presencein thebrain

It has been shown previously by Northern Blot analysis ttatdBxpressed widely in the
brain (Yasuda et al., 1999; Negri et al., 2000). In order to confirinthiealB2 protein is
indeed present in multiple murine brain locations, protein extraete \wrepared from

various brain regions of IB2+/+ mice and Western Blot analyss performed using
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extracts from knockout mice brains as a negative control. Indeegrdbence of IB2 was
found in regions including olfactory bulb, cerebral cortex, midbrainajnbstem and

cerebellum (Fig.5-1).

| B2 enrichment at postsynaptic density

IB2 interacts with TIAM1, a Racl guanine nucleotide exchangerfpoesent at growth
cones and at the dendritic tips. TIAM1 is involved in dendritic growth smdogenesis,
most likely through its effects on Racl activation and actimocdeling (Tolias et al., 2005).
IB2 also binds to p38 MAPK, which has been found in high levels at the paptgydensity
and which participates in LTD related to the processes of lgpand memory (Li et al.,
2006). In addition, as other JIPs, IB2 possesses TPR motifs to insgtlaanotor protein
kinesin. Therefore, we hypothesized that as a result of thesactnes IB2 may also
localize to PSD regions. We examined this possibility thrdtegttionation experiments. For
this purpose, hippocampi and cortices were dissected out from wildatypenutant mice
and subjected to homogenization and subsequent fractionation steps. clioa fta(crude
lysate) contained the starting homogenate and was subjected teritrdugation in a
sucrose gradient (1.25M:1M:0.32M) in order to collect the synaptosomes. (&xCtion 2)
that contain the cell membrane and synaptic proteins. Synaptosemeshen solubilized
with nonionic detergent, from which the insoluble high-speed pellet itdest the
postsynaptic density (PSD: fraction 4). Western Blot analydiseofractions was performed

by loading the same amount of proteins and blotting with antibodies against
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Whole brain

150 kDa

Fig.5-1
Protein extracts were prepared from different brain regibasnld type mouse. IB2 protein
can be found throughout the brain. IB2-/- lysates were used as a negative control
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Brain fractionation shows co-enrichment of IB2 with postsynaptic deregments:
postsynaptic density protein 95 (PSD95), N-methyl-D-aspartagpt@ac(NMDAR) subunits
NR1, NR2A, NR2B and glutamate receptor subunit GIuR2. Synaptophysirusea as a
presynaptic marker and therefore, it is absent from the P&@idn. The levels and
distribution of PSD components appear to be unaffected by the lack of IB2.
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classical markers of pre- and postsynaptic density (Fig.2&)expected, the presynaptic
marker, synaptophysin is enriched in synaptosome fraction 2 in comp#ari$@mogenate
fraction 1 and is missing from postsynaptic density fraction 4. Coglyengery high levels
of the classical marker of PSD, a scaffold protein called PS®@an be observed in the
PSD fraction together with the subunits of the NMDA receptoR1(NNR2A, NR2B) and
AMPA receptors (GIluR2), that are known to be localized at BB mhembrane. As we
suspected, IB2 is strongly enriched at the postsynaptic dereitioh. In these experiments,
the fractions from IB2 knockout mice were used as controls. TheZatah and amount of
pre- and postsynaptic components in IB2-/- do not seem to be affecjeihgaagainst

substantial IB2 involvement in their distribution and/or expression.

| B2 associates with postsynaptic density e ements

Since IB2 turned out to be enriched at PSD we wanted to find othevha fact it
interacts with postsynaptic density elements. To test this Iplaysi 1B2 was
immunoprecipitated from the wild type and for control purpose knockain ysates and
subjected to Western Blot analysis using antibodies against ps@videscribed PSD
residents (Fig.5-3). TIAM1 was used as a positive control leasitbeen previously shown to
interact with IB2 (Buchsbaum et al., 2002). Indeed IB2 immunopretgitgulled down
TIAM1 (bottom panel) as well as NMDA receptor subunit NR2B aleith) AMPA receptor
subunit GIuR2 and scaffolding molecule PSD95 (Fig.5-3). At the postsyndpnsity,
AMPA receptors interact with GRIP protein whereas NMDAegors bind to PSD95. Both

GRIP and PSD95 interact with SHANK, which is thought to organize AMPA and NMDAR
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PSD95 blot

GluR2 blot

NR2B blot

Fig.5-3

IB2 co-immunoprecipitates with postsynaptic density elements suétsS®95, GIuR2 and
TIAM1. TIAM1 also serves a purpose of a positive control since itleen previously
described to interact with 1B2.
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at the intracellular level, since it lies further from tledd membrane (Sheng and Kim, 2000).
The fact that these molecules are a part of strongly assdai@twork of binding partners

may result in IB2 pulling down all of them under these particular conditions.

IB2ispresent in dendritic spines

In order to confirm that IB2 is in fact present at PSD wefopeed the
immunofluorescence analysis in three week old rat hippocampal nadtores. The outline
of the neuronal cell was demarcated with the anti-tubulin Fi@iQugated antibody (green).
Tubulin is absent from the dendritic spines, which are filled witdbat was visualized
with phalloidin-rodamine (red). IB2 was detected using mouse mono@atidB2 antibody
and visualized with the anti-mouse Cy5 secondary reagent @)iglB2 is indeed present in
spines where other PSD components are known to localize. It can aserben structures
along the dendrites that might be vesicles suggesting its acngport within the dendritic
compartment. We have also detected IB2 presence at the granes of immature neurons
in cultures (data not shown). Both findings are consistent withoH2g a cargo for kinesin
that delivers towards the plus end of microtubules (Verhey.et2@01). We have also
repeated the immunostaining using secondary antibody coupled to Alexa-artB8
demarcating the spines with phalloidin- rodamine that binds to ectnder to make sure
that the above observation of IB2 in spines was not due to the argfaptllover of the
rodamine signal into the Cy5 detection window. Here, with IB2 (graed)actin (red), 1B2
can be clearly seen within a spine (Fig.5-5). It appears toidect the spine head where

other PSD constituents are present and be absent from the constricted neck region.
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Tubulin-FITC Actin-rodamine IB2-Cy5 Merged

.

Fig. 5

N

Rat hippocampal nerons were fixed at DIV21 by 4%PFA at room tetyper Morphology
of the neuronal processes is shown with tubulin (green) and the tdesgdines are shown
with actin (red). IB2 is visualized with mouse anti-IB2 antibodyngisanti mouse Cy5 as a
secondary reagent.
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Fig.5-5
IB2 (green) can be found in spine heads (indicated by arrowheldsg it colocalizes with
actin (red).
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| B2 does not affect the basal levels of PSD components

The presence of IB2 at PSD may have multiple functions. One pb#sabilities is that
as a cargo for kinesin, it is needed to deliver its bindingnpestto the proper location.
Delivery of the NMDA receptor subunits has been shown to depend anadlkeeule called
Kifl7 that also binds to kinesin. IB2 could serve as an alternativespoat of these
molecules and/or deliver them in response to certain pathway amtivAtternatively, as a
putative scaffold, it could affect signal transduction and possiblygdme expression of
NMDA or AMPA subunits and/or other PSD residents. However, theysisabf the basal
levels of NMDA and AMPA receptors, PSD95 and TIAM1 in the braitragts of 1B2
knockout mice showed no difference in comparison to the wild typeb(Bjg.Additionally,
because the mutant mice showed strong deficits in a motor rigaamid performance
pointing to the possible cerebellar learning defect, theseslewelte also examined in
cerebellar extracts, including NR2C subunit which is spedyioakpressed in this brain
region, but no deficits were observed (Fig.5-7). Furthermoretretemicroscopy analysis
performed by a collaborator Victor Friedrich (Mount Sinai Schaddledicine) has shown
no differences in synapse size and morphology in the cerebellaulgror molecular layers.
However, electrophysiology recordings performed by other collafrstarancesca Prestori
and Egidio d’Angelo (University of Pavia), indicate elevated ptinaNMDA currents in
cerebellar granule neurons from mutant mice. These changes could rédkect distribution
of NMDARSs or altered unitary NMDAR conductance, perhaps thraeghaptor modulation

for example by phosphorylation.
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Fig.5-6
The basal levels of postsynaptic density constituents are ureaffectB2 knockout mice as
shown by Western blotting using whole brain extracts. ERK was used as a |cautitd) ¢
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Fig.5-7
The levels of NMDAR subunits in cerebellum are unaffected in IB2 knockout mice brain.
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B2 isnot essential for NMDA signaling to p38 and TIAM1

IB2 knockout mice behavioral deficits clearly implicate this pnoi@ neurological
function. The fact that IB2 localizes to PSD along with its biggiartners TIAM1 and p38
MAPK, which were shown to be activated in response to NMDA recepiduction,
suggested that IB2 may participate as a scaffold in thisakng. In order to test this
hypothesis, cortical cell cultures were prepared using depanarocessed E18 embryos
resulting from IB2+/- matings. At DIV14 wild type and knockout amlltures were treated
with 10uM NMDA for 5 minutes in presence of glycine (necessarfactor for NMDAR
activation). The cells were then lysed, harvested and subject#weéstern Blot analysis. As
expected, p38 was phosphorylated in wild type cell culture in respoMdDA (Fig. 5-8a)
and the same levels of phospho-p38 were observed in the mutant cititeasal levels of
p38 MAPK in these cultures did not differ. This experiment showetl IB& does not
participate in the signaling from NMDAR to p38 at least under ethesperimental
conditions. We also looked at its basal phosphorylation levels in miee=Rs and 2 months
of age, but still found no differences there (Fig.5-8b). Followingetmesults, we turned to
another finding in literature regarding another I1B2 binding partne&xMI. TIAM1 was
shown to interact with NMDAR and become phosphorylated upon calcidux iiwilowing
the NMDAR stimulation. TIAM1 is a guanine exchange factorRacl. Activated Racl can
then stimulate another IB2 partner, MLK3. In this case IB2 could sasvan adaptor
bringing the TIAM1 to a proper location. Even though the levels of TIAMPSD in the
knockout do not differ from the wild type, it may be mislocalized ahds tnot
phosphorylated in response to NMDAR activation. To examine this hymthes

stimulated TIAM1 as previously shown (Tolias et al., 2005) by adding 50uM glutémnate
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Fig.5-8
a)The levels of basal and activated p38 MAPK kinase in wild tymke rautant cultures
following NMDAR induction do not differ. b) The basal levels of p38 and phosp38 in

the brain at different developmental stages: adult (P60) and pup (P14) are alseethe sa
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Fig.5-9

TIAM1 induction in cortical cultures prepared from wild type, hetggate and mutant
embryos. Cultures were stimulated with 50uM glutamate in preseh€NQX, TTX and
nimodipine. The activation of ERK was examined to show that the Istiomu experiment
worked as it is known that ERK is activated in this pathway. AP¥elactive blocker of
TIAM1 activation reduced ERK activation and prevented TIAM1 activatiche stimulation
of mutant cultures showed no difference in comparison to the wild type.
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cultures to activate NMDARSs. In order to ensure that this dwmivas due to NMDA
receptor, other channels were blocked with appropriate inhibitor, TANQX and
nimodipine. After 5 minutes, the cells were lysed and proteing &ealysed by Western
Blotting (Fig.5-9). The wild type, heterozygote and mutant cultaeshowed induction of
TIAML1 to a similar extent, which can be seen as a gel shifthosphorylated TIAM1. In
unstimulated control wells, the lower, unphosphorylated band is a preddaromasimilarly
to the wells corresponding to APV pretreatment. APV is a seteblocker of NMDA
receptor. Its pretreatment prevented TIAM1 activation in alletesultures. If, as we
hypothesized, TIAM1 in knockout cells would be mislocalized, it couldl $te
phosphorylated by this treatment, but preatreatment with APV couldpmeent this
activation as it would not be due to NMDAR association. Taken togédtiese results show
that NMDAR activation and signal transduction through MLK3-MAPKKKTIAM1 do not
require IB2. Suspecting that IB2 might be involved particularlp3& signaling we have
also analyzed TAU and eEF2 kinase- two known substrates for this p38. The phosphorylation
status of these proteins at various developmental ages was aldtersat g lb2 knockout

mice (data not shown).

| B2 might be involved in neuronal branching

We showed that IB2 does not affect the expression levels of thec&8ponents or
signaling cascades from NMDAR to TIAM1 and p38 MAPK. Howevermay still be
involved in signaling downstream from TIAM1, which has been immtah dendritic
branching and spinogenesis. Therefore, we wanted to know whethel oeeranal cell

morphology is affected ihb2 knockout mice. The method that is often used to give a first
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general estimate of cell morphology is a Golgi stain. Wedaelcto use it in order to look at
the dendritic tree in a Purkinje cell since it is the most @bdrcell in the nervous system
and the obvious differences could be easily spotted there. In additionhawidral analysis
pointed to some deficits in cerebellar functioning. For this purpbseyriains of three week
old mutant and wild type mice were fixed by transcardial pexfusihe cerebella were
sliced in vibratome in potassium dichromate solution and the slices imeubated in the
potassium dichromate overnight. Following this treatment, the shiees then developed in
silver nitrate and fixed with xylene on the slides. Unfortunateky,were unable to stain
single neurons and often observed the Golgi staining “hot spotsulipla Purkinje cells
which obstructed our overall analysis. An interesting feature éherged was that the
mutant dendritic tree appears to be shorter than that of théywddanimal and the dendrites
seem to occupy less space, which can be seen here in a group éifhboring Purkinje
neurons (Fig.5-10). However, these data were not readily quardifiddbre recent
fluorescent dye injection experiments in our lab demonstrated thdtitie arbors of mutant
Purkinje cells are in fact shorter in addition to ~40% defigitshe dendritic volume

(Urbanski, unpublished data).
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Discussion

Using newly raised monoclonal antibody we were able to confirniBkas present
in distinct mouse brain regions, consistent with earlier RT-RE&yri et al., 2000) and
Northern Blotting analysis (Schoorlemmer and Goldfarb, unpublished datagshmgly, we
found that IB2 is enriched at the postsynaptic density and isfisp#gi present in spines.
These structures are known to participate in synaptic plasteldyed to processes such as
learning and memory. For instance, their number increases duri@hd decreases during
LTD. IB2 interacts with PSD elements such as AMPA and NMBéeptors that are known
to participate in these events. Due to the nature of the PSDyégvaay constituent can be
found in a complex with IB2 as a result of immunoprecipitation. &kamination of the
direct association would require coexpression of the single compaiengswith 1B2 in the
non-neuronal cells and analysis of their complexes there. We found no ¢hahgebasal
levels of these components in the PSD fractions from 1B2 knockoutisbralthough we
cannot rule out subtle changes in component abundance or organization witiSDhe
scaffold. Additionally, NMDA induction and resulting p38 and TIAM1 aciimatwas not
affected in IB2 knockout neurons. It is still possible that IB2 pasdieis in other signaling
pathway from NMDAR. However, due to the multiplicity of binding partners aloriy véry
little knowledge and confusing reports regarding IB2 moleculehave limited our analysis
to the strongest leads in literature which were TIAM1 and p88ddition, IB2 could have a
redundant function in bringing its binding partners to the PSD, whiadkéntover by other

molecules in its absence or it is only involved in these processes in a spegiégpsathway.
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Fig.5-10
Golgi staining of Purkinje neurons in slices of three week old tyibe and knockout mice
cerebella.
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CHAPTER 6

DISCUSSION

IB2 has been previously described as a putative kinase scaffoloh. pBataffold
protein levels have to be correctly adjusted by the cell in dad@roperly function. This
characteristic limits the number of approaches suitable foyisigduch molecules. Ectopic
expression, which often potentiates the effect of a given protem,result in signal
inhibition by segregating signal cascade components (Burack 20@0,and 2001; Yasuda
et al., 1999). Additionally, the high number of protein-protein intevastposes the question
of which interaction is important to remove and whether it wouldiadly result in the
expected effect or just confound the results as if one were t@ ukBninant negative.
Therefore, we have decided to begin to elucidate the function ofhi®Rgh generation of
IB2 knockout mice. Previously in our laboratory, a conditional knockout mouse wa
generated (Bandhyopadhyay and Goldfarb). This strategy wad basa premise that a
standard knockout might be embryonic lethal due to the large numhB2 ahteracting
partners. My initial analysis of the conditional knockout mice using/i€A-Cre to target
postnatal deletion ofb2 in brain showed that CRE-mediated deletion was incomplete,
leaving the animals with the functional copies oflthizgene that could be sufficient to mask
phenotype. Therefore, we went on to generate the full IB2 knockout mmicagh the
injections of theCre recombinase plasmid DNA into one cell stage fertilized efgvif
Kelley, Mount Sinai School of Medicine). Derived knockout mice weradstdd for
germline knockout of théb2 gene and normal expression of neighboring genes, including

Shank3 (Chapter 3).
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Some of my research employed th2 knockout mice to explore whether IB2 indeed
functions as a MAPK scaffold protein. However, these approaches wvgroductive
(Chapter 5). Far greater progress was made through unbiaséerical and behavioral
analyses of these mutant mice. | will gear my discussiorarttsvfurther directions 1B2

research can take based upon my findings.

Potential Functions of 1B2 at the Postsynaptic Density

Using newly raised anti-IB2 antibodies, we have demonstratelBtha enriched in the
postsynaptic density fraction of brain extracts. In the mature hipgmdaneurons, IB2 was
shown by immunofluorescence to localize at bulbous caps of dendrinesspvhere
postsynaptic densities reside. IB2 was also observed in purmctg #ie dendritic shaft,
suggestive of active trafficking to synapses. Previously, IB2 expressealimstlinoma cells
and flag-tagged IB2 expressed in CAD cells were shown to accamnldte cytoplasm and
at the tips of neuritic projections (Verhey et al., 2001; Yasudal.et1899), but its
endogenous localization in neuronal cells was not demonstrated. IB&peein the spine
heads raises the possibility that it may be involved in regglasynaptic structure,
transmission or plasticity.

Total levels of NMDA and AMPA receptor subunits as well agsiral proteins such as
PSD95 (Fig. 5-6) and SHANKS3 (data not shown) are unaffected inmBnt mice. Size
and morphology of the synapses examined at the granule and molegeles by our
collaborator Victor Friedrich (Mount Sinai School of Medicine)oatio not differ. It is
possible, however, that in the absence of IB2, the PSD components assed@ethe right

levels, but are mislocalized. In order to answer this questiomuitlde very helpful to
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perform immunoelectron microscopy to analyze the spatial llision of neurotransmitter
receptors along the PSD in the IB2 knockout mice. Altered distribwatipfior example,
glutamate receptors could have substantial impact on synaptic transmission.

Alternatively, the levels of other postsynaptic proteins that we mat taken into
consideration could be affected by the loss of IB2. A large protestady conducted by
Collins et al. in 2006 using mass spectrometry and immunoblotting idenbiver one
thousand distinct proteins present within the mouse postsynaptic profe&mRg This study
identified JIP1, but not IB2, suggesting that the actual number of PSgonents might be
even higher. If mass spectrometry approach was applied, it couhd aoidifferences
between IB2 wild type and knockout mice PSD composition. On a smedliey; silver stain
analysis of the PSD fractions could also indicate some differences.

On the other hand, the loss of IB2 could affect the synaptic siggr@dmission
independent of additional differences in PSD composition. We observed rmatsdefi
signaling from NMDARs to p38 MAPK or TIAM1 (Fig.5-8 and 5-9). Tluannot exclude
the possibility that IB2 affects these cascades downsttreamthese two binding partners,
for instance by targeting signaling to specific changes in gepeession. IB2 as a putative
scaffold is also present in the nucleus and we do have anecdotal evidahdts nuclear
levels increase following NMDAR activation (data not shown). It shbeldoted that IB2 is
also expressed in neurons such as Purkinje cells that may lablAN®&teptors, suggesting
that its role in signaling may be broader or vary depending oméfecular composition of a
given synapse. Microarray analysis of the transcriptome aftdivation of synaptic
transmission in mutant and wild type cells using KC| depolaarmatr electrical stimulation
could indicate the genes affected by loss of IB2. Specificideragion to NMDAR signaling

through NMDA or glutamate stimulation in presence or absence ofttloekers could also
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be examined. Since nearly all identified IB2-interacting protegsde at the synapse,
including TIAM1, MAPKSs, amyloidp precursor protein, and apolipoprotein receptor EZ2,
there are many potential roles for IB2 in synaptic signaling.

Further examination of synaptic IB2 function must also includetrelghysiological
analyses. In fact, electrophysiology recordings performeaurycollaborators Francesca
Pestori and Egidio d’Angelo (University of Pavia) have revealereased stimulus-evoked
postsynaptic NMDA receptor currents at the mossy fiber nuleacell synapse in IB2-
knockout cerebellum. This enhanced synaptic current could point to increasdred
distribution of NMDARs at the synapse, or may reflect a changdIMDAR channel
conductivity as a consequence of IB2-mediated kinase signalin@AfRViphosphorylation
at various cytoplasmic tail residues has been shown to aftgle schannel conductance
(Salter et al., 2009). Roger Davis’ lab has analyzed JIP1/IB2 ddwmgekout mice and
found that immature cerebellar granule neurons displayed reduced natisyMEIDAR
currents which they attributed to reduced c-Fyn-mediated NR2B phosgimmyat Tyr1472
(Kennedy et al., 2007). | have not seen any differences in NRZBITrphosphorylation in
brain extracts from IB2 knockout mice at different developmendglest (P1, P14, and P60)
(data not shown). Furthermore, our collaborators’ findings indicate erthésyeaptic), not
reduced, NMDA currents in the IB2 knockout. IB2 and its protein welatlP1 may exert
multiple effects on NMDA conductances at different developmestggles and in different
subcellular compartments.

Before any additional searches for synaptic signaling deficitB2-knockout brain,
it may be helpful to identify additional proteins that directleratt with 1B2. This could be
tested through ectopic coexpression of IB2 and single PSD componeriestamgl for their

direct association.
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Potential Roles of 1B2 in Synaptic Plasticity

As a component of the postsynaptic density, IB2 may also be utilir@uy synaptic
plasticity, affecting short- or long-lasting LTP or LTD. Tim@st cogent argument in favor of
this link comes from recent analysis of glutamatergic trésson at the cerebellar mossy
fiber — granule cell synapse, which has shown substantially elesatéked NMDA currents
in the mutant (collaborators F. Prestori and E. D’Angelo, unpublish@). d&ince NMDA-
mediated postsynaptic calcium levels are the prime determofahTP vs. LTD, it is
possible that mutant mice will display enhanced LTP at thensepef LTD. Additional
speculation on IB2 and synaptic plasticity is based upon the known funofit®2 binding
partners. The IB2 interacting protein jp38nd its upstream activators GRF1 and GRF2 are
known to participate in LTD and LTP events (Li et al., 2006). This p38rdisgme plasticity
can be induced by exposing mice to enriched sensorimotor environaéntire their
development. It could be of interest to examine whether environmengtgjgplasticity is
impaired in IB2 mutant mice.

Another IB2-interacting protein, TIAM1, also plays roles in dendamel dendritic
spine morphological changes during development and during late-phase ITAM
knockdown in cultured hippocampal neurons impairs dendritic branching and despine
maturation (Tolias et al., 2005). Recent data from morphological sasabf Purkinje
neurons in IB2 mutant mice did not show alterations in dendrite arborization or spsity,de
although a decrease in dendrite surface area and intracellulaneszolvas detected (M.
Urbanski and M. Goldfarb, unpublished data). These data do not suppoat éualetional
link between TIAM1 and IB2, but cannot be taken as definitive. TIAM-lendritic

morphological deficits in IB2 knockouts may be found in future amalg$iother brain
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regions, including hippocampus. To facilitate such analysis, it wowealbable to cross the
IB2 knockout mutation into transgenic Thyl-GFP mice that expressiGBmall subsets of

neurons, allowing for more rapid and precise cellular morphology studies (Faing2€00).

Potential Functions of | B2 Beyond the Postsynaptic Density

Other roles of IB2 in neuronal transmission are suggested by kB&i8n association
with FHFs. FHFs have been found to regulate neuronal intrinsitabiity through their
interaction with voltage-gated sodium channels (Goldfarb et al., 20Q¥#).laDoratory
showed that FHF binding to IB2 and sodium channels is mutually excl(Goldfarb and
Shtraizent, unpublished data). Consistent with this finding, | have entIB2 at the axon
initial segment of hippocampal neurons where sodium channels and FHFs are ctattentra

It can be speculated that FHFs facilitate IB2-mediated phodgkioryevents. Prior
work showed that in presence of FHFs, 8&ds to IB2 and is activated in an FHF dose
dependent manner (Schoorlemmer and Goldfarb, 2002). Unfortunately, newjormiseon
and distribution of p38 has not been examined. In addition to j8&gulation, increased
ERK activation is observed in FHF4 (FGF14) knockout mice (Waaf},2002), a signaling
pathway that we did not consider in our analysis. It could be wortewdilook for IB2 and
ERK association and ERK induction in IB2 knockout mice.

Interestingly, FHFs have also been shown to affect the frequeinspontaneous
vesicle release, so called miniature EPSPs (Wang et al. 200B). FHF function is
independent of sodium channels and is thereby a candidate for IB2 involveingatld be
worthwhile to assay for the frequency of mMEPSPs at synapséB2i knockout brain.

Another possible function for IB2-FHF association may relatéBs known interaction
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with the motor protein kinesin. In principle, IB2 may assist aarder for FHF long range
transport. For example, the deficits in the grip strength obseargdie development in our
IB2 knockout mice could result from the failure to quickly deliver BH$-sodium channels
along the nerves and near motor terminals. This could result im{he@@rment of neuronal
firing and signal transmission from nerve to muscle early weldpment. Later, these
deficits may be corrected by alternative FHF delivery masms. In principle, this
hypothesis could be tested by both FHF immunofluorescence analgses

electrophysiological recordings along nerve fibers.

Clinical | mplications of the | B2 Knockout Behavioral Phenotype

Behavioral deficits in 1B2 knockout mice closely phenocopy the hunfalaR
McDermid Syndrome in humans, which falls within the broad clasdiin of autism
spectrum disorders (Phelippe et al., 2008). These mouse defiditsieé reduced social
interactions in juvenile [B2 knockout mice, significant motor learnidgficits,
developmental delay in grip strength, and frequently observed nonrasp@ss to novel
environment (Chapter 4). The hum&g gene resides at the terminal region of chromosome
22, only 65 kbp away from the neighboring ge&inank3 that has been implicated in this
disorder (Wilson et al., 2003). SHANK proteins play a structural irolerganizing PSD
components and linking them together (Sheng, 2000), but the phenotype of aKSHAN
knockout mouse model has not been described. In nearly all analyzed patests with
this syndrome, théb2 gene is also deleted. The size of the deletion does not corretate wi
the profoundness of the phenotype (Wilson et al., 2003). Nevertheless, khef lboth

SHANKS and IB2 protein could have a synergistic impact on synaptic functioning.
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The I1B2 mutant phenotype, although highly suggestive of an autism-liavioe,
could be open to alternative interpretations. Additional behavioral ssady our mutant
animals could help clear up some of these doubts and strengthen IB2 kraexleoalinical
candidate model of autism. For instance, it would be very integest monitor IB2
knockout mice performance in their home cage by examining interaetitinsheir parents
and unaffected littermates (Crawley, 2007). Another interestipgca®f IB2 mutant mice,
which we have not examined further, is their extremely poor brgegerformance and
inability to care for many offspring. Their ability tovgi progeny argues against their
infertility and suggests that these deficits may stem fraatistic-like behavioral
disturbances. Lastly, we have not tested another very interéstituge of autism and Phelan
McDermid syndrome, which is a skill loss or inability to maintaicquired or learned
behavior. It would be interesting to determine a task in which IR2 mie able to learn and
then to re-examine their performance after a certain peritaol tekt whether they were able
to retain this memory.

Additionally, |1 have not analyzed closely the phenotype of mice hetgoas for the
IB2 mutation. Hemizygosity might result in an intermediate phenobgieeen wild-type
and null, particularly for behaviors in which IB2 knockout mice were stronglgteffe Since
22913 Syndrome usually features chromosome deletions resulting in besiigyfor a
cluster of linked genes, it will be very important to analyzel@lavior of mice that are
hemizygous folb2 and neighboring genes. Of particular interest would bEb2i$hank3
double heterozygote, given the central role attributed to SHANKS itih®&an syndrome.
As several laboratories now ha#sank3 mutant mice (SFN Neuroscience 2009 meeting),
generation of such double heterozygotes is straightforwardlb2fShank3 double

heterozygotes do not have clear behavioral deficits, it could be necessary ¢dimsitmiman
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deletion by generating a corresponding regional deletion of thersgnportion of mouse
chromosome 15. Assuming that the larger deletion generategicdiktes deficits, the
contribution of particular genes within the deleted region could besask&y transgenic
reintroduction of an extra copy of a particular gene, includib®y This approach was
successfully used to determine the critical role ofMlleeP2 gene in Rett's syndrome (Guy et
al., 2007).

Furthermore, the direct link between IB2 and human ASDs could be edphyr
obtaining blood and tissue samples from individuals with autism and tnoaffected
relatives. DNA from such samples could be screened for mutaionise 1b2 gene.
Furthermore, even though autism has many separate genetic, thagesould converge on
the proper expression of a particular set of genes, includiygt the RNA or protein levels.
Perhaps the most sensitive test would be to examine PSDs prégmarebiopsy or post-
mortem autistic brain tissue for altered abundance of IB2. Ouw isofpr IB2 mutant mice
to emerge as a clinical model for autism and serve as a ta@sicue strategies through gene

therapy and possible therapeutics based upon IB2 mechanism of action.
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